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SUMMARY 


The  subject  of  wall  interference  spans  nearly  half  a  century  and 
reaains  a  field  of  active  research.  The  classical  theories  of  lift  and 
blockage  interference  in  two-dimensional  and  three-diaensional  tunnels 
are  now  highly  developed  for  steady  subsonic  flows  without  separation  in 
fully  closed  or  open  tunnels.  Oscillatory  experiments,  cases  of 
separated  flow,  and  tunnels  with  slotted  or  perforated  walls  can  be 
treated  by  aore  recent  analysis,  but  results  are  relatively  Halted. 

The  theoretical  background  is  reviewed  and  aodern  developaects  in  the 
formulation,  calculation  and  application  of  interference  corrections  sure 
discussed  in  seven  chapters.  Chapter  I  gives  a  general  review  and  lists 
are&s  in  which  further  research  is  needed.  Each  of  the  aore  specialized 
chapters  contains  selected  graphs  of  numerical  data  and  a  suoaary  or 
tsbie  of  principal  fornuiae. 


RESUME 


L*  etude  ds  la  question  de  1*  interference  due  &  la  paroi  rewon te  k 
presque  he  deai-si&cle  et  continue  k  faire  l’objet  de  recherches 
actives.  lies  theories  classiques  ccncernant  1'  interference  due  i  la 
portsnee  on  an  blocage  dsns  les  souffleries  bi-  et  tridiweaslocnelles 
ont  caintenant  4t6  dlabor^es  k  un  haut  iegri  pour  les  dcouleaents 
subsoniques  stationnaires  sans  separation  dans  des  souffleries  a 
circuit  entiereaent  ferae  ou  ouvert.  Les  experiments  oscillatoires. 
les  ecouleaents  s£par&  et  les  souffleries  k  parois  k  fentes  ou 
perfordes  peuvent  etre  trait^s  par  des  a&hodes  d’  analyse  plus 
r&eates,  aais  les  result at s  ainsi  fourais  ne  sont  que  relativeaent 
lioit&. 

Les  sept  chapitres  constituant  la  presents  Agardographie  passeut 
en  revue  1*  historique  des  theories  i  ce  sujet  et  exwinent  des 
d^veloppesents  aodemes  dans  la  formulation.  ctlcul  et  application 
des  corrections  de  parois.  Le  premier  chapitre  donne  un  sperqu 
general  et  indique  les  doeaines  dans  lesquels  de  nouTelles 
recherches  sent  n^cessaires.  Chacon  des  chapitres  plus  specialists 
coaporte  des  grsphiques  cboisis  de  donn^es  noseriques,  ainsi  qs’un 
r&aae  ou  tableau  recapituiatif  des  principsles  foraules  utilises. 
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STATUS  OF  INTERFERENCE  EFFECTS 

i 

•  H.C.  Gamer 


1. 1  INTRODUCTION 

By  its  very  natwe  the  most  perfect  subsonic  wind  tunnel  cannot  reproduce  an 
unconstrained  flow  past  a  model.  The  problem  of  wall  interference! has  been  of  lasting 
'concern  to  experimenters  and  theoreticians  while  tunnel  design,  model  shapes  and 
experimental  techniques  have  been  developing  through  tne  years.  The  decision  ».o 
prepare  a  monograph  on  subsonic  wind-tunnel  wall  corrections  was  made  during  the 
planning  of  an  AGARD  meeting  on  interference  effects  in  aerodynamic  test  facilities, 
held  in  Brussels  in  March  1959.  Goethert’s1*  1  monograph  on  transonic  wind-tunnel 
testing,  then  in  course  of  preparation,  concentrates  more  especially  on  flows  at  high 
subsonic  and  low  supersonic  Mach  numbers.  As  regards  wall  interference,  this  and  the 
present  AGARDograph  are  largely  complementary.  The  slight  overlap  on  the  subject  of 
ventilated  tunnels  is  not  inappropriate  as  there  have  been  recent  developments  in  this 
important  field.  A  review  of  progress  and  current  problems  was  presented  by  Rogers1' 2 
in  the  introductory  paper  to  the  AGARD  meeting.  Further  advances  and  new  problems 
have  since  emerged,  and  such  facts  confirm  the  continuing  importance  of  a  study  that 
has  already  occupied  nearly  half  a  century. 

The  foundation  of  research  on  tunnel-wall  interference  is  attributed  to  Prandtl 
(Ref. 1.3;  1919),  because  his  lifting-line  theory  led  to  many  experimental  investigations 
with  the  object  of  verifying  the  theory.  Moreover,  the  basic  principles  of  the  lifting¬ 
line  theory  are  essential  to  an  understanding  of  the  simplest  calculations  of  wall 
interference  on  finite  lifting  wings.  The  method  of  analysis  for  closed  and  open 
tunnels  is  established  in  Reference  1.3,  where  Prandtl  develops  the  concept  of  trailing 
vortices  so  that  the  problem  of  wall  interference  at  a  lifting  line  involves  two 
dimensions  only.  Theoretical  and  empirical  studies  then  followed  in  quick  succession, 
and  after  some  ten  years  of  research  the  elements  of  wall  interference  had  been  built  •* 
into  a  practical  framework  so  as  to  influence  model  testing  and  the  design  of  wind 
tunnels.  A  comprehensive  account  of  these  early  developments  is  given  in  Glauert’ s 
classic  monograph  (Ref.  1.-4;  1933). 

Interference  effects  in  subsonic  wind  tunnels  may  arise  from  the  influence  of  tunnel- 
wall  boundary  layers,  disturbances  from  measuring  gea:  and  model  supports  within  the 
airstreaa,  and  irregularities  of  the  airstream  itself  due  to  non-uniformity,  unsteadiness 
or  small-scale  turbulence.  In  different  ways  these  can  all  be  important,  but  they  are 
mainly  outside  the  scope  of  the  present  monograph.  The  nature  of  tunnel-wall  constraint 
can  be  deduced  from  physical  principles  of  streamline  flow.  It  is  also  associated 
directly  with  the  theoretical  consideration  that,  although  the  differential  equations 
of  the  flow  are  the  same  in  the  tunnel  as  in  free  air,  the  outer  boundary  conditions 
are  different.  A  logical  and  precise  evaluation  of  the  interference  flow  near  the 
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model  by  linearized  theory  would  involve  firstly  a  solution  for  the  velocity  potential 
in  the  presence  of  the  tunnel  boundaries,  and  secondly  a  solution  for  the  velocity 
field  near  the  model  when  all  the  boundaries,  including  that  of  the  model,  are  removed 
and  the  velocity  potential  at  the  surface  of  the  model  from  the  first  solution  is 
preserved.  The  resulting  perturbations  of  velocity-potential  gradient  normal  to  the 
surface  of  the  model  represent  the  interference- flow  field  which  may  be  regarded  as  a 
correction  to  the  free  stream.  In  practice  this  correction  has  significant  vertical 
and  st reamwise  components.  If  the  model  is  small  enough,  these  can  be  interpreted 
as  respective  corrections  to  the  direction  and  speed  of  the  stream:  if  the  model  has 
pnpreniable  span,  average  values  may  suffice:  if  the  model  has  appreciable  length,  the 
respective  components  involve  a  streamline  curvature  and  a  longitudinal  pressure 
gradient  with  consequent  corrections  to  pitching  moment  and  drag.  The  correction  to 
stream  direction  and  the  streamline  curvature  are  known  as  lift  interference,  since 
they  are  usually  associated  with  circulation  or  vorticity  round  the  model;  in  most 
applications  they  are  considered  to  be  independent  of  the  changes  in  longitudinal 
velocity,  known  as  blockage  interference  and  usually  arising  from  the  volume  occupied 
by  the  model  and  its  wake.  Although  the  basic  problem  is  to  determine  the  interference- 
flca  field,  this  needs  to  be  interpreted  in  the  form  of  corrections  to  nearly  all  the 
measured  aerodynamic  quantities. 

From  Reference  1.4  it  is  clear  that  many  of  the  early  developments  were  associated 
with  lift  interference,  and  that  the  concept  of  streamline  curvature,  though  implicit 
in  tailplane  interference,  first  arose  as  the  essence  of  two-dimensional  interference. 
Glauert’ s  monograph  is  of  more  than  historical  importance;  it  continues  to  provide  a 
comparative  back-ground  for  most  of  the  subsequent  developments.  Above  all  it  gives 
a  full  and  lucid  account  of  the  many  principles  underlying  lift  and  blockage  interference. 
Some  more  recent  works  of  reference  are  h_iefly  reviewed  in  Section  1.2  from  the 
standpoint  of  tunnel-wall  interference  in  subsonic  flow.  Section  1.3  discusses  the 
contents  of  Chapters  II  to  VII  cf  the  AGAROograph,  and  conclusions  regarding  important 
fields  for  further  research  are  presented  is  Sectj.ec  1.4. 


1.2  GENERAL  REFERENCES 

References  1.1  and  1.5  to  1.12  comprise  a  representative  collection  of  treatises 
concerning,  among  other  important  topics,  the  theory  and  application  of  subsonic 
wind-tunnel  wall  corrections.  These  are  considered  below  in  chronological  order. 

The  contribution  in  Reference  1.5  by  von  Kdrain  and  Burgers  followed  shortly  after 
Glauert’ s1* *  monograph.  They  consider  only  lift  interference  and  give  the  analysis 
for  two-disensional  flows  with  closed  boundaries  and  for  a  lifting  line  in  closed  and 
open  rectangular  and  circular  tunnels.  By  far  the  most  important  contribution  is  the 
general  solution,  due  to  Burgers,  for  the  three-dimensional  flow  field  of  a  lifting 
element  in  a  closed  or  open  circular  tunnel.  Under  the  editorship  of  Durand  also, 
there  is  the  chapter  in  Reference  1.6  by  Toussaint.  This  includes  a  discussion  of 
blockage  interference  fuller  than  that  of  Reference  1.4  without  improving  its  practical 
content.  The  treatment  of  two-disensional  lift  interference  in  Reference  1.6  is 
unreliable,  but  the  unifornly  loaded  lifting  line  in  rectangular  tunnels  is  considered 
in  sore  detail  than  in  Reference  1.5.  In  particular,  the  correct  expression  is  given 


for  the  case  of  solid  side-walls  and  open  floor  and  roof,  for  which  Glauert  quoted 
an  erroneous  result*. 
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In  an  AVA  monograph  Riegels1*7  gives  a  cost  comprehensive  collection  of  graphs  to 
illustrate  many  aspects  of  lift  interference  in  incompressible  flow.  These  include 
off-centre  models,  streamline  curvature  along  the  tunnel  axis,  and  types  of  sized 
boundary  to  achieve  zero  interference.  With  brief  discussion  of  some  sixty  references 
of  later  date  than  References  1.4  to  1.6,  the  monograph  represents  a  major  advance, 
especially  with  regard  to  circular  and  elliptical  tunnels  with  closed,  open  or  sized 
boundaries.  Solid  and  wake  blockage  are  also  considered  in  some  detail.  Of  the  same 
period  there  is  a  short  informative  article  by  Katzoff u 8  that  deserves  to  be  read  by 
all  wind-tunnel  users.  These  two  references  highlight  the  impact  of  research  on  wall 
interference  in  the  dozen  years  following  the  preparation  of  References  1.4  to  1.6. 

Two  valuable  works  on  wind-tunnel  practice  by  Pankhurst  and  Holder1- 9  and  Pope1- 10 
appeared  early  in  the  following  decade,  both  of  which  give  full  accounts  of  wall  inter¬ 
ference  corrections.  Three-dimensional  lift  interference  is  regarded  primarily  as  a 
function  of  tunnel  shape  and  wing  span,  apart  from  the  treatment  of  tailplane  inter¬ 
ference.  Blockage  interference  effects,  including  the  buoyancy  correction  to  drag  due 
to  longitudinal  pressure  gradient,  are  well  discussed.  In  many  configurations  of  the 
present  day,  however,  the  influence  of  streamline  curvature  on  lifting  wings  is  usually 
much  sore  important  than  the  buoyancy  correction,  and  in  this  respect  References  1.9 
and  1. 10  have  both  been  overtaken  by  developments.  By  way  of  contrast.  Pankhurst  and 
Holder1-  9  give  more  information  on  octagonal  tunnels  and  alternative  methods  of  applying 
the  two-dimensional  lift  interference  corrections,  with  particular  attention  to  the 
neighbourhood  of  the  stall.  Pope1- 10,  however,  gives  a  fuller  account  of  corrections 
to  down  wash  in  the  wake  of  a  lifting  wing  and  includes  some  numerical  data  on  streamline 
curvature;  moreover,  he  gives  more  discussion  of  reflection-plane  models  and  the  case 
of  asymmetrical  spanwise  loading.  Pope  gives  considerably  more  graphical  data,  but 
perhaps  concentrates  too  much  on  lift  interference  for  uniform  spanwise  loading  in 
conjunction  with  the  equivalent  span  of  the  rolled-up  trailing  vortex:  however,  elliptic 
spanwise  loading  is  by  no  means  neglected.  Pankhurst  and  Holder  include  seme  particularly 
useful  tables  and  reinforce  tbeir  more  limited  graphical  data  with  tabulated  values; 
by  contrast.  Pope  includes  no  tables  but  does  give  illustrative  worked  examples  of 
calculated  interference  corrections.  Beth  works  serve  the  wide  needs  of  the  wind- 
tunnel  operator  most  admirably  and  cannot  be  judged  from  the  standpoint  of  wail 
interference  alone. 
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It  is  unfortunate  that  ventilated  tunnels  were  subject  to  security  classification 
when  References  1.9  and  1.19  were  prepared;  their  most  serious  limitation  arises  from 
the  intensive  development  and  wide  use  of  ventilated  tunnels  for  transonic  testing. 
Goethert' s1- 1  monograph  deals  comprehensively  with  this  subject  for  the  first  time. 
Subsonic  wall  interference  is  reviewed  in  some  detail.  There  is  a  good  physical 
discussion  of  solid  blockage  in  open  and  closed  tunnels  preparatory  tc  a  chapter  on 
tunnels  with  longitudinal  slots.  The  replacement  of  the  singular  boundary  conditions 
of  discrete  slots  by  a  homogeneous  one  is  discussed,  and  there  follows  the  general 
conclusion  that  with  inviscid  flew  the  open  area  ratio  of  slotted  tunnels  for  zero 
interference  decreases  exponentially  as  the  nuobsr  of  slots  Increases.  The  homogeneous 
boundary  condition  is  generalized  to  account  for  slot  depth  and  viscous  effects  such  as 
friction  or  local  separation  inside  the  slots.  Goethert  argues  that  the  slots  are 

•  This,  the  cnly  error  the  author  has  detected  in  Reference  1.4,  is  Gisccssed  in  Chapter  III 
(Section  3.2.2). 
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treated  as  in  slender-wing  theory,  so  that  the  boundary  condition  is  essentially 
independent  of  Mach  number,  although  the  viscous  effects  cay  be  altered  by  conpressibility. 
The  sore  detailed  theoretical  treataent  of  lift  and  blockage  interference  is  confined 
to  two-dinensional  end  circular  slotted  tunnels.  There  is  a  physical  discussion  of 
the  flow  near  perforated  walls  and  of  the  existence  of  an  iaage  system  when  the  model 
and  the  tunnel  are  two-dinensional:  again  the  theoretical  results  are  United  to  two- 
dinensional  and  circular  tunnels.  Finally  Gcethert  points  out  a  basic  difference 
between  perforated  tunnels  and  ideal  slotted  tunnels  without  viscous  effects.  The 
boundary  condition  for  a  perforated  turn  el  (and  indeed  for  a  slotted  tunnel  with 
viscous  effects)  behaves  like  that  for  a  closed  tunnel  in  the  distant  wake  of  a 
lifting  wing.  Hence  the  Trefftz  condition  that  the  downwasb  at  large  distances  behind 
the  wing  is  twice  as  large  as  the  cownwssh  at  the  plane  of  the  wing  does  not  bold  true. 

The  icportance  of  ventilated  tunnels  is  emphasised  in  the  account  of  subsonic  wall 
interference  by  Allen  and  Spiegel1*11.  Closed  and  open  boundaries  are  regarded 
virtually  as  special  cases  of  slotted  or  perforated  walls.  The  theoretical  lift  and 
blockage  interference  in  tunnels  of  circular  section  are  used  to  illustrate  the 
fundamental  characteristics  of  tne  two  types  of  ventilated  tunnel  and  the  Banner  in 
which  they  are  interaedisti-  between  closed  and  open  tunnels  and  can  achieve  zero 
interference. 

The  previous  references  give  very  little  attention  to  wind-tunnel  interference  in 
unsteady  experiments.  Moijaeux1* 12  has  recently  written  a  useful  review  of  the 
problems.  For  dynsrac  investigations  there  is  a  mere  extensive  range  of  interference 
effects  which  include  resonances  associated  with  transverse  acoustic  waves,  the  tunnel - 
drive  system  and  induced  flop's  externa.*  to  an  open  jet.  There  is  also  the  possibility 
of  randoa  disturbances  in  a  ventilated  working  section  from  turbulent  mixing  at  the 
downstream  end  of  slotted  or  perforated  walls.  Reference  1. 12  gives  a  brief  discussion 
of  other  aspects  of  wall  constraint  on  oscillating  models  and  prorides  a  practical 
introduction  to  the  subject. 


1.3  PRESENT  KNOWLEDGE 

Pro«  *any  aspects  of  wall  interference  there  have  beea  considerable  advances  since 
the  preparation  of  the  important  works  of  reference  discussed  in  Section  1.2.  Chapters 
11  to  VII  of  this  AGARDograpb  incorporate  such  advances  and  also  include  original 
contributions  and  unpublished  numerical  data.  Some  of  these  recent  developments  are 
outlined  below  in  relation  to  earlier  achieveaents. 

1.3. £  Lift  Interference 

Por  two-dlsensional  tests  in  closed  tunnels  the  aost  well-known  corrections  apply 
to  small .  thin  wings  and  neglect  terms  in  aerofoil  thickness  to  chord  ratio  t/c  and 
in  (c/b)'  where-  b  is  the  tunnel  height.  Bat  Goldstein’s1*13  analysis  includes 
interactions  of  thickness  and  incidence  in  wall  interference,  such  as  the  effect  of 
thickness  on  lift  interference  sod  that  of  incidence  on  solid  blockage.  In  Chapter  II 
his  theory  is  presented  in  a  simplified  fora  for  synetrical  aerofoils,  so  that  the 
corrections  include  terms  In  (c/h)2  and  (c/h)'  with  coefficients  linearly  dependent 
on  t/c.  The  formulae  are  easily  generalized  to  incorporate  first-order  effects  of 
compressibility  and  some  allowance  for  viscous  effects.  The  complete  corrections 
are  applied  to  the  systematic  experiments  of  Knechtel1* l*  on  the  NACA  4412  profile 
with  encouraging  success. 
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There  is  a  tendency  in  theoretical  work  to  express  wall  interference  in  terns  of 
correction  factors  to  the  measured  forces.  In  practice  the  interference  an  a  lifting 
aerofoil  is  interpreted  acre  appropriately  as  incremental  corrections  to  the  measured 
quantities,  including  the  incidence.  This  is  particularly  true  of  aerofoils  with 
hinged  flaps.  The  theory  of  Preston  and  llanwell1*13  is  developed  to  give  the  necessary 
corrections  to  incidence,  lilt,  pitching  aoaent  and  hinge  moment.  A  later  theory  by 
de  Jager  and  van  de  Vooren1*14,  also  discussed  in  Chapter  II,  considers  the  non-linear 
characteristics  of  flaps  at  large  angles  of  deflection  for  which  the  interference 
corrections  are  shown  to  change  sign. 

It  3eeo3  profitless  to  treat  two-dimensional  testing  in  open  tunnels  in  great  detail. 
Either  the  flow  is  far  fro*  two-dieansioaal,  or  else  with  the  model  between  solid 
side-walls  the  interference  corrections  are  large,  cf  order  c/h,  and  of  dubious  accuracy 
so  as  to  place  &  very  restricted  limit  on  model  size.  However,  there  is  considerable 
theoretical  interest  in  the  configuration  of  an  aerofoil  spanning  a  rectangular  tunnel 
with  solid  side-walls,  when  the  working  section  has  open  floor  and  roof  between  a  closed 
entrance  nozzle  and  a  collector  dewnstresss.  The  usual  boundary  condition  imposes  the 
saae  constant  prescare  at  the  two  free  boundaries.  Katzoff1* 17  introduces  differential 
pressures  to  prevent  spillage  at  the  collector,  and  under  such  conditions  the  wall 
interference  of  order  c/b  and  the  streealine  curvature  can  bath  be  nearly  eliminated. 

Chapter  III  draws  more  heavily  than  other  chapters  fioa  classical  theory  as  compiled 
by  Glaaert u  \  By  1935  the  basic  theory  for  simple  lifting- line  wings  with  a  tail  art 
was  available  for  coat  tunnel  shapes.  Improved  methods  have  bees  developed  subsequently 
for  calculating  the  interference  upwash  in  rectangular  and  circular  tunnels,  but  the 
basic  theory  survive-?.  Hew  tunnel  configurations  have  necessitated  the  theoretic*! 
development  tor  closed  octagonal  tunnels  by  Batchelor1*  18r  wad  Kat^off  ct-  ml,  1‘ 17 
nave  analysed  the  problem  of  open  circular  tunnels  of  finite  jet  length.  The  testing 
Of  half-sodels  mounted  so  a  reflection  plaae  has  in  effect-  introduced  or*»er  Chapes 
of  tunnel;  the  bipolar  shapes  corresponding  to  circular  tunnels  have  been  treated  with 
closed  boundaries  by  Sivells  end  Salmi1* 19  and  with  open  boundaries  by  Davison  and 
Rosenhead1* 20.  other  developments  ter  the  lifting-line  model  of  a  win?  with  tail 
include  off-centre  godclft  considered  by  Silverstein  and  White1*21  and  interference 
corrections  Gn  ground  effect  by  Brown 5 • iz  wfces?  the  floor  of  the  tunnel  is  used  to 
simulate  the  ground.  The  ultimate  refinement  of  the  lifting-line  treatment  \r.  that  of 
Sanders  and  Pounder1, 23  for  closed  rectangular  tunnels. 

The  fcain  developments  of  three-dimensional  lift  interference  la  the  past  twenty 
years  have  conr-orn rf  the  sweptback,  and  later  slender,  wings  designed  for  high-sps=ed 
flight.  The  lifting-line  social  nn  lonfer  applies;  so  that  a  different  jeprtsentczion 
of  the  lifting  wing  by  distributed  vortices  is  needed,  together  with  more  elaborate 
methods  of  interpreting  the  interference  upwash.  Difficulties  of  presentation  in 
Chapter  III  arise  fro*  the  wide  variety  of  vortar  models,  notations  and  procedures  for 
obtaining  the  interference  corrections.  The  models  vary  fn*  distributions  of  lifting 
aliments  along  the  locus  of  sectional  streaawiso  centres  of  pressure  used  by  Acoa1*2* 
to  the  point  concentrations  of  lift  used  by  Kstzoff  and  Hannah  **2S.  ?fce  foruFlatioa 
varies  frea  the  admirable  approximate  expressions  in  Reference  1. 19  to  that  of 
Reference  1.26  which  requires  the  use  of  ooe  of  the  lifting-surface  theories  thet  have 
come  to  replace  the  inadequate  lilting- line  theory.  Allowance  for  Mach  number  K  Is 
included,  wherever  possible,  by  using  the  Pracdtl-Glauert  analogy  and  inserting  the 
appropriate  power  of  yS  =  /(i  -  h2'j  as  a  factor  in  the  geometric  and  aerodynamic 
perimeters  of  an  equivalent  incompressible  flow.  In  this  way  the  results  can  usually 


be  presented  for  a  general  subsonic  Mach  amber  end  in  a  unified  notation.  Hie  special 
nwso  of  slender  wings  involves  a  distribution  of  lifting  elements  alcrg  the  axis  of 
the'iunael,  and  in  this  sense  can  be  regarded  as  an  extension  of  the  theory  for  small 
wings.  Berrdt1*27  has  giren  an  exact  theory  for  slender  wings,  to  which  a  useful 
simplifying  approximation  can  be  made. 

There  are  soae  aspects  of  lift-interference  correction  that  are  such  less  satisfactory. 
These  arise  primarily  through  deficiencies  or  complexities  in  the  theoretical  treatment 
of  tins  cerrespondiag  problem  in  oncost  rained  tiers.  Three  particular  instances,  when 
the  corrections  are  quite  large,  are  control-surface  hinge  moments,  vortex- induced 
yawing  moment  and  wing-body  combinations.  The  binge  moments  involve  uncertainties 
c-f  large  viscous  effects,  and  the  corrections  of  Bryant  and  Garner1*  28  allow  for  these 
•JX  a  erode  tro'-dimeaaionsl  basis.  More  serious  are  thought  to  be  the  shortcomings  of 
the  interference  corrections  tq 'yawing  eorent.  Apparently  all  existing  formulae  for 
these  ere  derived  from  llftirg>liae  theory.  Likewise  the  theory  of  wall  interference 
oc.  lilting  wing-body  combinations  is  inadequate,  and  the  author  concludes  that  the 
literature  on  tbls  aspect  of  lift  interference  is  misleading. 

It  is  observed  experimentally  by  Knight  and  Harris1*  29  on  wings  of  moderately  high 
aspect  ratio,  that  the  interference  parameter  for  the  drag  coefficient  CB  is  closer 
to  the  lifting-line  correction  than  is  the  interference  parameter  for  correcting  the 
incidence  a  ;  that  Is  to  say.  the  streamline  curvature  associated  trith  the  streaxwise 
extent  of  the  model  has  a  larger  effect  on  Aa  than  on  AC^  .  '  However,  circumstances 
are  different  for  slender  wings  with  leading-edge  separation.  Kith  the  loss  of 
leaiing-edge  suction  the  effects  of  streamline  curvature  on  Aa  and  £CD  become 
equally  inportant.  but  the  evaluation  poses  aa  unsolved  non- linear  problem. 

The  diversity  oi  methods  and  notations  is  coupled  with  scarcity  of  published 
numeric*'  examples.  An  attempt  is  made  in  Chapter  III  to  digest  numerical  data  in  the 
meat  general  fora,  with  particular  emphasis  on  formulae  that  are  applicable  to  general 
subsonic  Mach  number,  general  planfora  and  a  range  of  tunnel  shape.  Simplified 
aetheds  of  evaluating  the  interference  corrections  are  developed  where  possible. 

Specific  comparisons  between  the  results  of  different  methods  are  quite  encouraging 
and  show  which  of  them  are  useful  approximations  and  which  give  primarily  a  rapid 
estimate  of  the  older  of  magnitude  of  the  corrections. 

1.3.2  Slockfige  Interference 

Chapter  V  is  based  on  assumptions  that  the  lift  is  not  large  and  that  solid  and  wake 
blockage  effects  are  independent.  It  further  asswes  that  only  longitudinal  flow  is 
subject  to  blockage  interference,  which  is  only  true  if  the  model  is  mounted  in  the 
centre  of  the  tunnel.  ?or  closed  boundaries  the  condition  of  zero  normal  velocity  is 
reliable.  The  corresponding  assumption  for  an  open- jet  boundary  is  one  of  constant 
pressure;  mixing  effects  are  ignored  and  a  linearized  condition  is  applied  at  the 
undisturbed  boundary.  Moreover,  ‘  it  is  frequently  assumed  that  the  jet  is  of  infinite 
lsigth,  but  in  practice  the  nozzle  and  collector  are  relatively  near  the  model  and  may 
strongly  influence  the  constraint  corrections1* 17.  It  follows  that  the  open-jet 
corrections,  though  usually  nailer  in  magnitude,  are  less  soundly  based  than  those  for 
a  closed  tunnel;  furthermore,  there  are  few  experimental  data  from  which  to  assess 
the  validity  of  the  estimated  corrections  for  open  tunnels. 
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With  these  limitations  the  range  of  available  corrections  is  fairly  complete. 
Two-dimensional  solid  and  sake  blockage  are  discussed  by  Thom  in  Reference  1.30.  aad 
Goldstein1* 13  gives  a  more  general  treatment  including  terms  in  (c/h)  \  Vith 
particular  reference  to  the  work  of  Herriot1*31.  the  solid  and  wake  blockage  corrections 
to  the  usual  aerodynamic  coefficients  nay  be  calculated  rlth  some  confidence  for 
three-dimensional  models  in  tunnels  having  a  wide  range  of  rectangular  cross-sections. 
The  circular  tunnel  also  presents  no  great  problems,  but  for  elliptical  and  octagcrial 
cross-sections  certain  simplifying  assumptions  need  to  be  made  to  relate  these  to 
corresponding  simpler  shapes.  Allen  and  Vincent!  ** 32  give  a  sound  basis  on  which  the 
effect  of  compressibility  at  subcritieal  Mach  numbers  can  be  incorporated  simply  by 
linear-perturbation  techniques;  even  the  presence  of  local  regions  of  supersonic  flow 
about  the  model,  with  attendant  shock  waves,  may  be  allowed  for  in  an  empirical  manner. 

Thus  the  topic  of  blockage  interference  on  small  streamline  models  is  in  a  reasonably 
satisfactory  state,  though  there  are  instances  in  Chapter  V  of  differences  of  approach 
which  can  lead  to  somewhat  different  answers.  These,  however,  are  the  exceptions  in  an 
area  which  after  nearly  forty  years  is,  within  its  limitations,  approaching  finality. 

The  bulk  of  established  interference  theory  is  concerned  with  streamline  flow.  It 
is  implicit  that  the  wake  is  thin  and  that  it  can  be  taken  to  originate  from  the 
trailing  edge  of  a  wing  or  from  the  rearmost  point  of  a  body.  However,  there  is  a 
growing  interest  in  flows  which  depart  significantly  from  this  classical  pattern  and 
also  some  evidence1*33  to  show  that  new,  and  sometimes  surprising,  interference  effects 
may  arise. 

It  is  perhaps  worth  emphasising  that  high  lift  does  not.  in  itself,  imply  a  departure 
from  the  classical  flow  pattern.  The  principles  of  the  classical  interference  theory 
of  Chapter  V  can.  therefore,  remain  valid,  although  wind-tunnel  models  may  give  rise 
to  larger  corrections  than  are  strictly  within  the  scope  of  current  theories.  High- 
order  calculations  of  the  interference  field  are  straightforward  in  principle,  bat  it 
may  well  be  impossible  to  interpret  such  calculations  usefully  in  terms  of  modified 
free-stream  conditions.  In  any  event,  it  is  plainly  dangerous  to  assume  that  large 
corrections  can  be  estimated  satisfactorily.  To  do  so  iwplles  that  the  entire  flow 
field  could  have  been  calculated  with  fair  precision  at  the  outset. 


The  extension  of  classical  interference  theory  to  a  non-streamline  flow  is  never 
straightforward,  even  though  the  appropriate  corrections  may  be  small.  The  distinguishing 
feature  of  a  problem  of  this  kind  is  that  it  requires,  as  a  first  step,  the  establishment 
of  a  suitable  mathematical  model  of  the  given  flow.  The  dominant  physical  characteristics 
of  the  flew  must  be  described  adequately  by  this  model,  but  it  must  remain  simple 
enough  to  admit  of  further  analysis.  Some  typical  examples  are  considered  in 
Chapter  VII,  in  particular  Haskell’s1*33  theory  of  blockage  effects  cn  two-dimensional 
and  three-dimensional  bluff  bodies  and  on  stalled  wings  in  a  closed  wind  tunnel. 


1.3.3  Yeatilated  Tmaaels 


The  development  of  the  ventilated-wall  tunnel  arose  from  the  desire  to  exploit  the 
opposing  interference  effects  associated  vith  closed  and  open  boundaries;  by  combining 
these  in  some  judicious  manner  zero  wall  interference  might  be  obtained.  The  subsequent 
attainment  of  transonic  test  speeds  seems  to  have  been  a  most  fortunate  by-pro  da  ct,  with 
its  own  rapid  exploitation.  The  development  of  general  theories  for  the  calculation  of 
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mil  interference  stems  from  the  concept  of  replacing  the  mixed  boundary  conditions  by 
a  single  homogeneous  condition  valid  over  the  entire  vail,  as  discussed  in  Section  1.2 
(Kefs.  1. 1  and  1.11).  Baldwin  et  al.  u  3*  have  constructed  a  condition  for  inviscid  or 
viscous  flow  at  a  ventilated  boundary.  The  actual  geometry  of  a  slotted  wall  and  the 
degree  of  porosity  of  a  slotted  or  perforated  wall  appear  as  two  parameters  in  the 
homogeneous  condition.  The  validity  of  this  simplification  has  been  established  by 
comparison  with  earlier  and  wore  exact  calculations  of  Fistolesi  1-35  and  Matthews1- 34 
for  &  circular  tunnel  with  discrete  slots,  and  by  examination  of  experimental  data  for 
the  porosity  parameter  as  in  Reference  1.37.  Thus  the  way  is  open  for  tho  calculation 
of  the  interference  corrections  dus  to  lift  and  blockage;  the  latter  assumes  great 
importance  as  the  Mach  ntsber  approaches  the  region  of  high  subsonic  fl-  r. 

During  the  preparation  of  Chapter  VI  3oae  calculations  of  two-dimensional  lift 
interference  have  become  available;  Holder1-  3S.  using  the  boundary  condition  of 
Reference  1.34,  evaluates  the  influence  of  slot  geometry  and  porosity  for  a  small 
two-dimensional  model  in  a  slotted  rectangular  tunnel.  Two-dimensional  blockage 
interference  is  covered  fairly  completely  in  References  1.39  aad  1.34.  A  similar 
situation  exists  for  small  three-dimensional  models  in  circular  slotted  tunnels 
(Refs. lc 40  and  1.37),  but  the  more  important  cases  of  rectangular  tunnels  with  slotted 
floor  and  roof  are  rather  more  difficult  to  calculate.  Davis  and  Moore1* *°  give  a  few 
results  for  lift  and  blockage  interference  when  there-  is  inviscid  flow  near  the  slots, 
but  important  extensions  to  their  analysis  have  appeared  recently  in  References  1.41 
and  1. 42-  Bolder1-*1  has  given  analytical  expressless  and  representative  calculations 
of  lift  interference  t.o  satisfy  the  homogeneous  condition  including  the  porosity 
parameter.  Acts1  -*2  has  stmplifed  the  expression  for  the  solid-blockage  factor  in 
Reference  1.40  aad  gives  results  for  a  wide  range  of  rectangular  croso-sections.  The 
influence  of  viscous  slot-flow  on  blockage-  interference  does  not  see*  to  have  been 
considered  for  this  type  of  tunnel. 

The  theoretical  approach  tc  interference  corrections  in  a  rectangular  tunnel  with 
all  four  walls  slotted  is  less  satisfactory.  Lift  and  blockage  interference  can  be 
estimated  fra*  chapter  VI  on  the  basis  cf  limiting  raises  for  closed  aad  completely 
open  tunnels  by  allowing  an  analogy  betvsec  the  effect  of  slot  geometry  in  circular 
and  other  tnnnels,  A  similar  oasis  rught  be  used  tc  estimate  streamline  curvature, 
but  there  is  insufficient  reliable  information  for  any  type  of  slotted  tunnel. 

Solutions  by  electrical  analogue  should  prove  useful  here,  and  a  promising  3 tart  has 
been  made  by  Rashton  in  Reference  1.43  and  the  subsequent  development  of  a  three- 
dimensional  network.  Little  experimental  information  exists  on  the  valee  of  the 
porosity  perimeter  defining  viscous  effects  near  the  slots,  and  in  the  absence  of  this 
the  theoretical  results  cannot  be  applied  with  any  precision.  More  experiments  are 
essential,  because  estimates  of  both  lift  and  blockage  interference  made  for  ideal  mall 
conditions  may  be  greatly  ta  error. 

The  perforated  wail  has  distinct  characteristics,  mentioned  in  Section  1.2  and 
discussed  sore  fully  in  relation  to  experiment  in  Reference  1.1.  The  boundary  condition 
is  a  limiting  form  of  that  used  for  a  slotted  wall  with  viscous  flow  as  the  slot 
spacing  tends  to  zero.  Paraeetric  analysis  suggests  that  the  perforated  tunnel  behaves 
more  and  more  like  an  open  Jet  az  sonic  flow  is  approached.  Theoretics!  calculations 
of  interference  corrections  in  terms  of  the  porosity  parameter  are  available  fer 
lifting  and  aco-liftins  two-dimensional  models  end  fairly  small  wings  in  circular 
tunnels  from  the  work  of  Goodman  in  References  1.44  and  1.45  and  later  developments 
given  in  Reference  1.46. 
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31ockage  effects,  however.  Lave  not  been  considered  in  a  rectangular  tunnel  having 
two  opposite  or  all  four  walls  perforated.  A  lifting  aodel  oar  be  treated  as  a  special 
case  of  Reference  1.41  when  the  floor  and  roof  are  perforated.  If  the  side -walls  are 
perforated  also,  a  graphical  procedure  in  Chapter  VI  seay  be  followed,  but  this  is 
soaewhat  unsatisfactory  as  the  square  tunnel  is  considered  by  analogy  with  a  circular 
tunnel, 

1.2.4  Unsteady  Interference 

Most  of  Chapter  IV  is  concerned  with  oscillator?  problems,  but  acme  consideration 
is  given  to  rotating  models.  Rolling  wings  of  high  aspect  ratio  can  be  treated  fairly 
satisfactorily;  for  sore  slender  wings  only  a  quasi-steady  theory  is  available,  but  the 
corrections  are  nasal  1.  The  interference  corrections  to  propeller  tests  in  Reference  i.4 
have  been  standardized  for  a  any  years. 


There  are  rarely  formulae  or  tables  for  corrections  in  oscillatory  experiments,  and 
Chapter  IV  is  such  more  concerned  with  sethods.  some  of  which  involve  heavy  computation. 
The  subject  is  in  a  fairly  satisfactory  3tata  numerically  as  regards  two-diBeusional 
closed  tunnels.  Tinman1- 1,7  gives  the  basic  theory  for  incompressible  flow; 
compressibility  introduces  the  phenoaenoo  of  acoustic  resonance  which  ia  included  in 
the  general  method  of  Runyan  et  al. *•  ,8.  For  closed  three-dimensional  runnels,  also, 
there  is  a  convenient  theory,  provided  that  the  product  of  Mach  number  and  frequency 
parameter  is  small:  the  basic  idea  stems  from  the  work  of  Goodman1-  by  which  the 
unsteady  interference  upwasfc  can  be  derived  from  its  distribution  upstream  of  the 
model  in  steady  flow.  The  respective  applications  to  closed  rectangular  and  circular 
tunnels  by  Acua  in  References  1.50  and  1.51  suffice  for  incoepressible  flow. 

(faster  IV  includes  a  generalization  fer  subsonic  Mach  mabers  and  small  frequency 
parameters.  Ac  a1* 52  gives  more  explicit  results  for  slowly  oscillating  slenaer  wings, 
but  even  for  slender  wings  there  is  no  method  when  the  Mach  number  and  the  frequency 
parameter  are  both  fairly  large,  whatever  the  tunnel  cross-section  may  be.  Fortunately 
the  frequency  parseeter  is  usually  small  for  experiments  bn  rigid  models  in  subsonic 
compressible  flow,  bat  corrections  to  flatter  tests  pose  a  difficult  problem. 

The  promises  for  ventilated  tunnels  are  also  difficult  and  perhaps  core  pressing. 
Wight1- 5,3  has  reviewed  experimental  fists  obtained  in  slotted-wali  tunnels  with  slots 
open  end  with  slot?  sealed,  which  rove?!  sose  particularly  large  interference  effects 
ce  damping  derivatives.  Unfortunately  the  steady  interference  upwasfc  in  ventilated 
tunnels  has  net  yet  beer,  formulated  in  sufficient  detail  to  be  used  on  tte  basis  of 
Reference  1.43.  Nevertheless,  a  likely  explanation  of  the  observed  differences  in  wall 
interference  between  closed  snd  slotted  tunnels  is  reported  in  Chapter  IV  through  an 
extension  of  the  classical  theory  of  lift  interference. 

Farther  progress  along  the  iinf^s  of  investigation  described  in  Chapter  IV  seems 
likely  to  lead  to  increased  analytical,  algebraic  and  coaputational  complexity.  One 
is  teapted  to  wonder  whether  a  batter  alternative  would  net  be  to  use  direct  numerical 
solutions  of  the  differential  equations  ox-  analogue  experiments,  such  as  those 
envisaged  In  Reference  1.17  or  in  course  of  development  as  an  extension  to 
Reference  1.43. 


r*aw^. 
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1.3.5  High-Lift  Systems 

A  common  feature  of  the  examples  dealt  with  in  Chapter  VII  is  that  they  are  concerned 
with  flows  differing  materially  fro*  the  essentially  stream-line  flow,  with  small 
lift,  of  the  previous  chapters.  The  flow  past  jet  flaps  or  slender  wings  with  leading- 
edge  vortices  can  be  regarded  as  an  extension  of  the  classical  streaaline  flow.  The 
appropriate  mathematical  aodel  is  still  &  vortex  sheet,  but  one  which  includes  novel 
features  that  require  special  attention  when  the  effects  of  the  interference  field  are 
to  be  interpreted.  Haskell' s1*  5  *  treatment  of  a  three-dimensional  jet-flap  in  a  closed 
tunnel  illustrates  this  group  of  problems.  In  others,  for  example  bluff  bodies  and 
stalled  wings  (Ref.  1.  33) ,  a  thick  wake  of  uncertain  structure  is  the  docinant 
characteristic  of  the  flow  patterns.  The  sain  problem  is  to  identify  those  properties 
of  the  wake  that  are  cost  significant,  and  then  to  devise  a  satheaatical  aodel  that 
reproduces  the*  with  sufficient  accuracy. 

A  third  group  of  probless  is  concerned  with  configurations  for  vertical  or  short 
take-off  end  landing,  in  which  lifting  rctcrs,  fans  or  jets  cay  be  combined  in  various 
ways  with  wings  and  todies  to  for b  systems  in  which  the  interference  between  the  various 
constituent  flows  is  fundamental  to  the  performance  of  the  systeai  as  a  whole.  Heyson 
has  given  linearized  theories  of  tunnel-wall  corrections  for  lifting  rotors 
(Ref.  1.55)  and  other  high-lift  systeas  (Ref.  1.56).  In  the  latter  case  there  are  serious 
unresolved  difficulties,  both  in  the  construction  of  a  suitable  aathewatical  model  of 
the  flow  and  in  the  interpretation  of  the  effects  of  wall  constraint  on  the  mutual 
interference  between  the  different  elements  of  the  syste*.  The  subject  is  well  re¬ 
viewed  by  Teaplin  in  Reference  1.57  which  is  complementary  to  Chapter  VII. 

1.4  OiiTSTANBINS  PR08LEHS  FOR  RESEARCH 

There  remain  unresolved  difficulties  in  subsonic  wind-tunnel  wall  interference,  only 
a  few  of  which  are  likely  to  be  overawe  by  eat h east i cal  analysis  alone.  In  scse 
instances  the  oost  promising  sethod  of  solution  say  well  be  one  of  numerical  analysis 
by  a  finite-difference  technique:  experiments  by  electrical  analogue  offer  an  alternative 
approach.  In  others,  the  priaary  handicap  is  the  lack  of  a  aathewatical  model  or 
definitive  boundary  conditions,  and  progress  say  necessarily  have  to  stes  free 
experimental  research.  Apart  from  the  thirteen  general  problems  grouped  below,  there 
is  scope  for  wind- cunnel  investigations  to  check  the  applicability  of  existing 
theoretical  methods  of  interference  correction:  notable  examples  are  the  non-linear 
e«K*Jiaeasi<wi3l  theory  of  aerofoils  with  t railing-edge  flap 3  at  large  angles  of 
deflection1* iS,  lifting  slender  wings  in  closed  tunnels1*  7T,  hinge  accents  fro* 
three-dimensional  control  testing1* zs,  and  blockage  interference  cn  'olaff  models  for 
non-aeronautied  purposes*- 33. 


Closed  and  en  tannels 

1.  Two-dimensional  cambered  aerofoils  are  often  tested  at  high  sab-critical  Kacb 
nuabers.  In  such  cases  the  effects  of  t/c  and  c/h  oc  wall  interference  are  aggravated 
by  compressibility.  It  is  desirable  to  set*  a  better  solution  to  the  non-linear 
satheaatical  problem  than  the  relatively  staple  extension  to  Reference  1.13  suggested 
ic  y&apter  II. 
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2.  The  conventional  correction  to  yawing  moment  is  calculated  on  the  basis  of 
lifting-line  theory.  In  Chapter  III  this  is  shown  to  be  problematical  for  wings  of 
moderately  small  aspect  ratio,  and  a  precise  treatment  of  the  interference  correction 
demands  a  reliable  lifting-surface  calculation  of  the  spanwise  distribution  of 
leading-edge  suction.  Such  a  development  for  subsonic  flow  would  have  many  applications. 

3.  For  slender  wings  with  leading-edge  separation  the  correction  to  drag  needs 
clarification;  it  is  likely  to  be  larger  than  in  cases  of  attached  flow.  There  is 
scope  for  a  non-linear  theoretical  treatment  of  constrained  flow  with  leading-edge 
vortices. 

4.  There  exists  no  satisfactory  method  of  applying  residual  interference  corrections 
to,  say,  the  pitching  moment  on  a  lifting  wing-body  combination;  the  theories 
discussed  in  Chapter  III  are  thought  to  be  of  little  help.  As  the  corrections  are 
unlikely  to  be  very  large,  there  may  be  justification  for  an  adaption  of  slender-wing 
theory. 

5.  The  uncertainties  of  blockage  interference  in  open  tunnels  impose  considerable 
restrictions  on  model  size  (Chapter  V).  The  problem  becomes  more  acute  when  blnff 
bodies  have  to  be  tested  in  open  tunnels.  It  is  important  to  establish  whether  the 
corrections  for  non-streaaline  flow  increase  as  dramatically  in  open  tunnels  as  in 
closed  tunnels1*33. 

6.  The  discussion  of  Reference  1.56  in  Chapter  VII  suggests  that  a  convincing  theory 
of  wall  interference  on  high-lift  systems  may  require  an  improved  mathematical  model 
and  further  insight  into  the  interpretation  of  corrections.  This  most  novel  aspect 

of  wall  interference  may  require  inspiration  from  experimental  sources. 

Ventilated  tunnels 

7.  There  are  insufficient  numerical  data  on  the  streamline  curvature  induced  by 
slotted  walls.  Even  for  rectangular  tunnels  there  is  no  image  system;  the  problem 
may  best  be  solved  by  means  of  a  three-dimensional  electrical  analogue  (Chapter  VI). 

8.  It  has  been  demonstrated  theoretically,  and  is  illustrated  in  Chapter  VI.  that 
viscous  effects  near  slots,  represented  by  a  constant  porosity  parameter,  have  large 
influence  on  lift  and  blockage  interference.  More  experimental  work  is  needed  to 
establish  an  empirical  formula  for  the  porosity  parameter  appropriate  to  various  Hacb 
numbers  and  types  of  slot  geometry,  and  to  verify  that  its  variation  along  the  tunnel 
is  small  enough  for  the  theory  to  apply. 

9.  There  appears  to  be  no  information  on  three-dimensional  solid-blockage  interference 
in  perforated  rectangular  tunnels.  Each  arrangement  of  perforated  walls  poses  a 
distinct  problem  that  should  be  amenable  to  mathematical  analysis. 

10.  The  problem  of  lift  interference  in  rectangular  tunnels  with  all  four  walls 
perforated  is  considered  by  a  crude  graphical  procedure  in  Chapter  VI.  The  interference 
upwash  in  the  transverse  plane  of  a  lifting  element  is  not  expressible  in  terms  of  a 
two-dimensional  flow,  and  solution  by  electrical  analogue  is  recommended. 

Unsteady  interference 

11.  One  mathematical  definition  of  the  linearized  problem  of  an  oscillating  three- 
dimensional  wing  in  a  subsonic  clot^d  rectangular  tunnel  is  given  in  Chapter  IV,  but 
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numerical  analysis  may  well  be  prohibitive  when  neither  Mach  number  r.or  frequency 
parameter  is  small.  A  new  approach  to  this  problem  might  be  sought,  say,  for  slender 
models. 

12.  As  discussed  in  Chapter  IV,  there  have  been  mathematical  formulations  of  the 
interference  on  an  oscillating  model  in  a  perforated  tunnel,  but  the  possibility  of  a 
phase  difference  between  the  pressure  drop  and  the  normal  flow  through  the  perforations 
has  not  been  considered.  This  possibility  is  worth  examination  theoretically  and 
experimentally  in  two-dimensional  flow. 

13.  More  theoretical  work  is  needed  to  establish  a  method  of  evaluating  the  large 
interference  effects  on  oscillating  wings  in  slotted- wall  tunnels1- 53.  It  is  desirable 
to  examine  experimentally  whether  or  not  the  effects  are  smaller  in  perforated  tunnels 
and  bow  they  can  be  minimized  in  existing  ventilated  tunnels. 
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2f- 


speed  of  sounn 
lift  slope  =  BCj/3a 

coefficient  in  chordwise  loading  frcss  Equation  (2.12) 
breadth  of  tunnoi 

twice  the  horizontal  projection  of  a  corn -r  fills* 

3Cj/da 

coefficient  in  spanwise  loading  froa  Equation  (2. SI) 

chord  of  aerofoil 

crosa-sectlonal  area  of  tunnel 

drag  coefficient  =  (drag  per  unit  spanl/ipU2?- 

(hinge  aocent  per  unit  spcn)/£pu%2c2 

lift  corffioisnt  -  L/i/c*l2c 

pitching-soient  coefficient  =  )?./*/52 c2 

Action  of  aerofoil  profile  it  Equation  (2.37)  (n  =  0.1,2 . ) 

distance  of  aerofoil  free  floor  of  tunnel  (Pig.  2.1) 

function  of  aerofoil  caaber  line  in  Equation  (2.34)  (c  =  0,1,2 . ) 

ratio  of  flap  chord  tc  aerofoil  chord 
function  Refined  in  Equation  (2.73) 

function  defined  in  Equation  (2.73) 
height  of  tunnel 

twice  the  vertical  projection  of  a  corner  fillet 
equivalent  height  of  tunnel  (Section  2.2.3) 
vortex  strength  per  unit  leugtb 
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V. 


P  %  >h- 


strength  of  vortes 


non-diseDoional  aerodynaaic  leading  in  Equation  (2.  H) 
length  of  open  working  section  (Section  2.5) 


lift  per  unit  spaa 


aCB/3a 


=  dc/d£ 

Mach  nurber 

pitching  coeent  per  unit  epan  about  axis  x  =  ;c 
pitching  aoaent  per  unit  span  about  axis  x  =  yc 
pressure 

radius  cn  siren'  •:  tcnn^l 
area  cf  pianfor*  of  aodel 
thickness  of  aerofoil 
x-coaponent  of  velocity 

perturbation  in  horizontal  velocity  at  upper  boundary  of  jet  (Section  2.5.4" 

velocity  of  undisturbed  streaa 

z- component  of  velocity 

value  of  w  in  distant  wake 

distance  downstrea®  of  leading  edge  of  aerofoil 

centre  of  pressure  cf  aerofoil  in  Equation  (2.8) 

distance  of  aodel  frost  entrance  nozzle  of  open-jet  tunnel 

x  in  transformed  place 

spanwisw  distance  froa  centre  of  tunnel 

distance  upwards  froa  leading  edge  ot  aerofoil 

transferred  co-ordinate  =  /3z 

incidence  of  aerofoil  (in  radians  unless  otherwise  stated) 


fc  -  {1  -  K2)* 

r  jivculecion  sround  aerofoil 

A  prefix  denoting  increneut  due  to  sail  correction 

£  complex  variable  =  X  -*■  iZ 

8  chordwise  parameter  defined  in  Equation  (2.11) 

k  parameter  Zb/v^c  used  iu  Section  2.5.2 

fi*  viscous  correction  factor  in  Equation  (2.77) 

A'-j,  viscous  correction  factor  in  Ecuation  (2.78) 

g  angle  of  fliip  setting  (in  radiant) 

p  density  of  undisturbed  stream 

$  velocity  potential  of  two -dimensional  flow 

9  stream  function  of  two-diatnsional  flow 

Subscripts 

i  denotes  quantity  induced  by  tunnel  wells, 

o  denotes  free-strea«  aerodynamic  coefficient. 

T  denotes  theoretical  value. 


LIFT  INTERFERENCE  ON  TWO-DIMENSIONAL  WINGS 


H.  C.  Garner 


2.1  INTRODUCTION 


In  any  two-dimensional,  steady,  isentropic  and  irrotational  compressible  flow  the 
velocity  potential  $  satisfies  the  differential  equation 


/  u2\  d2<P  /  w2\  32§  2uw  B2^ 
\  a2  j  Bx2  \  a2  j  Bz2  a2  BxBz 


(2. 1) 


where  u  =  3$/3x  ,  w  =  3$/3z  and  a  is  the  local  speed  of  sound.  The  linearized 
form  of  this  equation 


(1  -  M2) 


32$  B2# 

3x2  +  Bz2 


0 


(2.  2) 


follows  from  the  simplifying  assumption  that  terms  of  second  order  in  the  component 
perturbations  of  a  uniform  velocity  U  =  Ma  are  negligible  throughout  the  field  of 
flow. 

The  problem  of  wall  interference  arises  because  the  differential  equation  is  subject 
to  outer  boundary  conditions  dependent  on  the  working  section  of  the  tunnel.  For 
example,  the  flow  must  be  tangential  to  the  wall  of  a  closed  tunnel  and  of  constant 
speed  at  the  boundary  of  an  open  jet.  More  complicated  boundary  conditions  are  used 
in  cases  of  ventilated  tunnels  which  are  treated  separately  in  Chapter  VI. 

There  are  two  distinct  mathematical  approaches  to  the  problem.  One  is  to  obtain 
solutions  for  $  for  a  particular  model  both  with  and  without  the  boundary  conditions 
imposed  by  the  tunnel.  Through  neglect  of  viscous  forces  and  many  other  approximations 
the  potential  solution  that  satisfies  the  extra  boundary  conditions  cannot  be  identified 
with  the  real  flow  in  the  tunnel;  large  differences  between  these  would  cause  major 
uncertainty  in  the  interpretation  of  wall  interference.  The  more  realistic  approach 
is  to  assume  distributed  doublets  and  vortices  within  the  model  compatible  with  its 
shape  and  the  aerodynamic  forces  measured  on  it.  The  interference  is  then  :.dentified 
with  the  potential  flow  which,  when  added  to  the  field  of  the  model,  satisfies  the 
outer  boundary  conditions. 

The  lift  interference  is  that  associated  with  the  circulation  round  the  model. 

When  the  model  is  a  thin  aerofoil,  its  field  can  be  represented  by  that  of  a  distribution 
of  vorticity  along  the  length  of  the  chord.  The  resulting  potential  flow  within  a 
closed  tunnel  thus  corresponds  to  the  infinite  array  of  vortices  partly  illustrated 
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in  Figure  2. 1.  Hie  interference  will  then  depend  on  the  height  h  of  the  tunnel,  the 
Mach  number  M  ,  the  chcrd  c  and  lift  distribution  of  the  aerofoil,  and  its  incidence 
a  and  location  d  between  the  walls  of  the  tunnel-  When  the  aerofoil  is  thick,  its 
field  involves  a  chordwise  distribution  of  doublets  as  well.  The  lift  interference 
and  blockage  corrections  (Chapter  V)  then  interact. 

When  the  linearized  differential  Equation  (2.2)  is  used,  the  transformation 

X  =  x.  Z  =  z(l  -  H2)*  =  ySz  (2.3) 

is  made,  so  that  the  potential  in  the  new  co-ordinate  system  satisfies  Laplace’ s 
equation  for  incompressible  flow 


S2$  3 2$ 

3X2  +  3Z2  =  ° 


(2.4) 


It  is  convenient  to  regard  the  perturbation  pc-tent  ial  ($  -  Ox)  as  unchanged  in  t-he 
transformation.  Thus  chord  and  vortex  strength  are  invariant,  ^iile  the  incidence  of 
the  aerofoil  ana  all  lateral  dicensions  are  reduced  by  the  factor  yS  .  The  component 
perturbations  of  velocity  in  the  (X.Z)  plane  are  unchanged  in  the  longitudinal 
direction  and  increased  by  the  factor  in  the  lateral  direction.  In  accord  with 

the  linearized  boundary  condition  the  velocity  ratio  v/U  on  the  aerofoil  is  reduced 
to  match  the  inclination  of  the  transformed  surface  dZ/dX  =  /3(dz/dx)  ,  so  that  in  the 
(X,  Z)  plane  the  undisturbed  velocity  and  the  local  upward  component  are  respectively 
)3_20  and  y3_1w  .  Thus  the  linearized  solution  is  readily  expressed  in  terms  of  thBt 
of  an  equivalent  incompressible  flow.  The  problem  involves  the  evaluation  of  , 

the  vertical  velocity  induced  by  the  image  system  of  Figure  2. 1  with  r  ,  h  ,  d  and 
a  replaced  by  /3'2U  ,  y5h  .  ySd  and  ySe  respectively. 


The  tunnel -induced  vertical  velocity  has  to  be  interpreted  as  a  Dumber  cf 
corrections  to  measured  quantities,  such  as  incidence,  lift  and  pitching  moment-  The 
incremental  correction  to  incidence  is  a  somewhat  arbitrary  average  value  of  Wj/U 
radians.  After  this  correction  has  been  applied,  the  residual  upwasb  field  is 
converted  into  "residual"  incremental  corrections  to  the  aerodynamic  forces.  The 
evaluation  of  these  corrections,  which  are  as  important  as  the  incidence  correction, 
is  greatly  simplified  if  the  residual  upwash  field  of  the  image  system  can  be  expressed 
as  a  uniform  streamline  curvature  along  the  length  of  the  model.  When  this  is  too 
approximate,  a  fuller  mathematical  treatment  is  necessary;  further  analysis  is  then 
required  to  isolate  the  individual  corrections  and  to  relate  them  to  the  measured 
quantities. 


Provided  that  the  incidence  and  aerofoil  thickness  are  small  enough  and  the  whole 
flow  field  is  subsonic,  then  linearized  theory  is  valid  and  the  problem  of  wall 
interference  is  relatively  simple.  When,  however,  the  incidence  of  the  aerofoil  is 
no  longer  small,  it  is  necessary  to  use  conformal  transformation  of  the  general 
equations  of  inviscid  flow,  even  though  the  aerofoil  is  thin  (Section  2.2).  Such 
applications  are  restricted  to  incompressible  flow,  for  which  Equation  (2.1)  reduces 
to  Laplace’ s  equation.  Likewise  the  treatment  of  a  thick  aerofoil  between  parallel 
walls  involves  conformal  transformation  (Section  2.3);  some  allowance  for  compressibility 
may  still  be  incorporated  by  means  of  the  equivalent  incompressible  flow.  The  mc-rs 
difficult  non-linear  problem  of  compressible  flow  has  received  little  attention. 
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Other  instances  of  wall  corrections  on  two-dimensional  models  arise  with  regard  to 
control  surfaces  (Section  2.4)  and  open-jet  tunnels  (Section  2.5).  Problems  of 
interference  on  aerofoils  with  hinged  flaps  are  treated  either  by  Beans  cf  the 
linearized  equations  or  by  a  non-linear  theory  for  iocoapressible  flow,  '(he  linear 
treatment  includes  corrections  to  neasured  hinge  moments,  which  nay  be  subject  to  a 
seoi-empirical  factor  to  take  account  of  large  viscous  effects.  For  very  large  flap 
deflections  the  non-linear  theory  shows  a  sarked  reduction,  and  even  a  reversal  in 
sign,  in  the  corrections  to  lift  and  pitching  moment.  An  aerofoil  spanning  an  open 
tunnel  is  strictly  a  three- diaensiontl  configuration,  since  the  lift  falls  to  zero  at 
the  boundary  of  the  jet:  nevertheless,  work  on  this  problem  is  reviewed  in  Section  2-5. 
It  is  also  necessary  to  consider  the  interference  on  an  aerofoil  mounted  on  solid 
side  walls  or  large  end  plates  for  which  it  is  usual  to  ignore  any  spanwise  variation 
in  lift  distribution.  The  analytical  solution  and  it3  physical  interpretation  are 
coopl icated  by  the  finite  length  of  cpen  working  section  which  is  bonnded  by  a  closed 
entrance  nozzle  up stress  and  a  collector  downstreaa  of  the  model. 
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The  final  Section  2.6  considers  viscous  effects  and  experimental  approaches  to  the  j 

problems  cf  two-dimensional  wall  corrections  and  the  conclusions  that  may  be  drawn. 

It  night  be  helpful  to  remark  in  advance  that  the  boundary  layers  on  the  side  walls  do 

not  have  extensive  influence  on  the  pressure  distribution.  Prcm  their  investigation 

Mendelsohn  and  Polhamus  (Ref.  2.1:  1947)  conclude  that  the  loss  of  total  load  on  an  i 

aerofoil  spanning  a  closed  rectangular  tunnel  is  unlikely  to  exceed  1 %  at  incidences  I 

below  the  stall.  Figure  2.2,  reproduced  from  Reference  2.1,  shows  that  very  close  to  ’ 

the  wall  (y  =  -  yb)  the  local  lift  is  less  than  10%  below  that  at  the  centre  of  the 

tunnel  (y  =  0),  while  there  is  little  effect  on  pitching  moment.  Large  changes  in 

side-sail  boundary -layer  thickness  are  found  to  produce  only  small  changes  in  the 

loading.  One  mar  therefore  have  confidence  in  a  purely  two-dimensional  theoretical 

analysis. 


A  summary  of  the  principal  references,  figures  and  equations  and  their  fields  of 
application  is  contained  in  Table  2.1. 


2.2  WINGS  OF  ZERO  TRICKNESS  IN  CLOSED  TUNNELS 


2.2.1  Corrections  to  Order  (c/h)2 


The  classical  uork  cf  Gleuert  provides  the  basis  on  which  t*>-di»ensionai  wall 
interference  is  evaluated  for  thin  aerofoils  at  small  incidence  and  having  moderately 
small  chord.  The  lifting  aerofoil  can  then  be  replaced  by  a  single  vortex  of  strength 
K  at  the  centre  of  pressure  to  obtain  the  flow  field  induced  by  the  walls.  Batchelor 
(Ref.  2. 2:  1944)  considers  the  incompressible  flow  past  a  vortex  situated  at  an  arbitrary 
distance  d  from  the  floor  of  the  tunnel.  With  allowance  for  compressibility 
(Section  2.1),  the  primary  interference  near  the  model  then  appears  as  a  vertical 
velocity 


*i  = 


£k 


CP 

T*  _ x  -  X _  n  _ X  -  X 

^5  u  -  5) 2  +  4,s2(ch  -  d )  2  “  (x  -  x) 2  +  4j52n2h2 


(2. 5) 


which,  at  nail  streaawise  distance  (I  -  1)  free  *he  vortex,  be  cones 


7 Ti(x  -  : 

~l$h* 


X\  /  2  ,  Wd\  a 

-  U  t)  t0(,-;> 


If  the  lift  and  pitching  acwent  about  the  charter-chord  axis  are 


L  =  pDS  =  ipU2cC^ 
&  =  ipP2c2C^ 


then  the  centre  of  pressure  is  -t  a  distance 


-  .  /*  ^ 
- 


downstreaa  of  the  losding  edge.  Pro*  Equations  (2.6)  to  (2.8)  the  induced  upwash  angle 
in  radians  Is 


((HI 


^  +  MU  +  cot  Tj 


Batchelor2, 2  also  soars  that  there  is  an  induced  horizontal  velocity 


ui  =  ~ 


K  7Td  UCC,  77d 

— -  cot  —  -  — cot - 


(2. 10) 


at  the  wing,  which  vanishes  when  the  vortex  is  placed  centrally  (d  =  yb). 


The  aerofoil  is  usually  taken  to  be  in  the  central  plane  ci  the  tunnel.  This 
problea  is  considered  fay  Allen  and  Vincent!  (Ref.  2. 3;  1944),  who  represent  the  field 
of  the  codel  fay  continuously  distributed  vortices  and  re  gleet  teras  in  (c/b)  *.  Tb 
carry  out  the  analysis,  points  on  the  aerofoil  are  defined  fay  the  angular  co-ordinate 
9  such  that  the  dist&ace  fro*  the  leading  edge 


*  =  *c(l  -  cos  6) 


(2.11) 


The  vortex  strength  in  the  tunnel  is  expressed  as 

f  ] 

k  =  20  j  Ap  cot  \6  +  Ajj  sin  n& 


(2. 12) 


psr  unit  chordwise  distance.  Proa  Equation  (2,6)  the  vertical  velocity  induced  fay  the 
srstea  of  iaeges  is 


»-  VCwatiatf. 
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J.2.2  Corrections  tc  Order  <c/h)* 

In  Reference  2.4  (1234)  asd  Reference  2.5  (193$).  Tcaotiks  ussb  a  series  of  confoneal 
transformations  to  obtain  the  lift  and  pitching  accent  oa  a  flat-plate  aerofoil  inclined 
at  an  arbitrary  angle  a  to  an  incoepressible  stress  between  parallel  sails.  Hts  aid- 
chord  of  the  plats  is  a»aj*sd  to  lie  on  the  centre  line  of  the  tunnel.  His  results  as 
espansions  in  powrs  of  c/h  are 

.  _  .  f.  M !..  .  .  ,  . 


“  *  L»  |1  +  Mlh)  (1  +  3lJ!S“> 


•  m (l)'01  - 53  sla!“  - 22  stoV' *  °(f)*|  ■ 


(2. 18) 


Aere  Lg  =  ipv2c(2rr  sis  a)  ,  and  the  pitching  moment  about  the  aid-chord  is 

%  =  o  |l  *^(f)  (1  +  6  eifl2a>  - 

“ S5 (£)  (n  ~ 174  sUx**  *  176  *“’*>  •  °(|  / 1-  » »> 

“ '  J 

*ere  <feic)c  =  ipu*c2(&r  sin  a  oos  a)  .  The  tunnel  to  free-air  ratios  L/L0  and 
^i.c/(^c)0  are  plotted  against  c/h  for  selected  values  ef  a  in  Figure  2.3.  The 
broken  carves  for  a  =  0  and  a  =  20°  are  obtained  when  tens  in  (c/h)  *  are  omitted. 
the  discrepancies  are  apparent  when  e  -  0. 3h  mad  ssceed  i%  when  c  =  S.  5h  ;  it  ifcould 
therefore  be  recognized  that  Equations  (2. 16)  and  <2. 17)  are  subject  to  significait 
inaccuracy  when  c  >  o.  4Sh  . 

Havelock  (Kef.  2.6;  1938)  considers  the  saae  problem  by  treating  the  flat  plate  as 
the  Halting  case  of  an  elliptical  cylinder.  He  confirms  Tbmotika’  »2-  *  rssalt  In 
Elation  (2;  18)  and  derives  Equation  (2. 12)  independently.  Havelock  neglects  tens 
of  higher  order  than  (c/h)*  and  gives  formulae  for  L/L0  and  0  for  a 

piste  whose  midpoint  is  et  an  arbitrary  distance  d  from  the  floor  of  lbs  tunnel 
(Pig.  2.1).  Hig  results  can  be  written  as 

r  > 


L  =  L, 


l  ttc  /ird\ 

1  -  —  cot  {--- jsi 
i  2h  V  h  / 


sin  a  + 


,  / 2  77d\ 

+  (  -  +  3  cot2  -»■ } 
\  3  h 


sin2a 


);  °(f 


CV 

h  J 


(2.20) 


K  = 
2  c 


(^J>)  g 


77C  /v&\  772C2  j  A  -  77d\ 

I-a“t(v)slos+^i(5-,cat  t) 

+  ^4  +  10  cot2  sin2a  |+  0  ^ 


(2.21) 
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Equation  (2.8)  *ouid  lead  to  the  ratios  L/L0  and  o  obtained  fay  substituting 

a  =  0  in  Equation*  (2.20)  and  (2.21).  Havelock's  valuas  lor  c  =  0.2h  and  a  =  0  and 
20°  are  ooopared  below. 


d/h 

0.3 

r'  ' 

0.4 

— 

0.5 

0.6 

0.7 

UL0 

for 

a  =  0 

1.028 

1.019 

"" 

1.016 

1.01S 

2.028 

b/I*o 

for 

a  =  10° 

0.980 

1.002 

1.017 

1.037 

1.071 

for 

o 

II 

a 

1.014 

1.010 

1.  COS 

1.010 

1.014 

0 

fbr 

a  =  10° 

0.977 

0.994 

1.010 

1.030 

1.059 

_ 

By  contrast  with  Figure  2.3  the  effect  of  incidence  on  wall  interference  can  be  of 
prlaary  i^jortance  *en  the  aid-chord  is  off  th9  centre  lias.  Moreover,  a  downward 
displacement  of  an  aerofoil  at  positive  incidence  can  change  the  sign  of  the  interference. 
It  should  also  be  noted  that,  even  for  c  =  0. 2b  ,  the  tews  in  (c/h)  *  are  becoming 
significant  in  the  above  table  fOr  a  =  10°  and  d/fc  =  0.3  and  0.7.  when  the  series 
converges  comparatively  slowly. 


Ve  have  already  seen  that  Equations  (2. 16)  and  (2. 17)  represent  a  practical  font  of 
wall  correction,  but  becose  inaccurate  when  c  >  O.^Sh  ;  this  condition  is  restrictive 
at  the  high  Mach  nuabers.  The  theoretical  ratios  L/L0  and  G  fra 

Equations  (2.18)  and  (2.19)  Bust  then  be  used  to  obtain  teres  in  (c?pb)*  .  The 
pitching-acaent  coefficient  about  the  quarter-chord  axis  is 


-  icLcosa 

ipv2c2 


=  77  sin  a  cos  a 


sin^x)  + 


+  15  sin^a  +  104  sin 


'*)! 


Bien  a  is  snail, 


where  the  linearized  compressibility  factor  /3  has  been  inserted. 


(2.22) 


(2.23) 


It  remains  to  convert  the  results  in  Equations  (2.23)  into  incremental  corrections 
to  the  measured  incidence,  lift  and  pitching  aoment.  The  previous  discussion  leaves 


9$ 


do  dc-ubt  that.  to  order  (c/h)  *  ,  Equation  (2.  16)  is  the  host  definition  of  Aa . 
Although  this  could  still  be  Used,  *c  prefer  the  definition 


Aa  = 


{2.24) 


which  conforms  to  thst  of  Equation  (2.36)  in  the  following  Section  2.3,2.  !3»en 


A<X  =  (-^(a  +  Aa)-CL 

which  by  Equations  (2.23)  and  (2.24)  beccaes 


f  ir2  f  c  Y  ^  Tn*  /  c 

» \  *  /o> 

6  i 

|~4S\JSh]  r30T2\^ 

-  )  +0j  — 
a}  \£h. 

>!• 

<2 

Since  i?  zero  in  unconstrained  flow,  it  follows  free  Equations  (2.23)  that 

^  ^  L  132\/Sh  j  15360  \/5h )  \Sh) 

. 

fh  alternative  and  sore  practical  fora  of  Equation  (2. 24)  is 


(2.23) 


ire 


**  v-  553?  <ci-  *  *»>  - 


1tt3c*Cl 
307 ZOjPh* 


{2. 27) 


and  this  should  be  used  whenever  C*  Lac  bees  measured.  In  two-disensional  subsonic 
flow  Equations  (2. 25)  to  (2. 27)  give  the  wall  interference  on  a  thin  aerofoil  with  its 
aid-chord  on  the  centre  line  of  a  dosed  tunnel  S3  incremental  corrections  to  the 
aeasured  quantities  a  ,  CL  and  C*  .  If  the  aerofoil  were  displaced  vertically, 
corresponding  foraulae  could  be  derived  frca  Reference  2.6  with  neglect  of  0(c/y6fc)s  ; 
these  would  include  the  effect  of  a  nen-unifora  streeawise  flow  that  in  indicated  by 
Equation  (2.10). 


2.2.3  Noa-bctaagalar  Tuoocio 

TSiere  is  no  exact  treatment  of  flat-plate  aerofoils  spanning  closed  tunnels  of 
nun-rectangular  section.  The  aatheastical  difficulties  involved  in  the  case  of  a 
circular  tunnel  are  rell  discussed  and  treated  approxinately  by  Vincent?  and  Graham 
(Ref.  2.7:  1946).  Their  assaotica  of  uni  fora  sp5nwi*?e  loading  os  a  two-dimensional 
model  is  amply  justified  fccr  experiment.  Even  with  ihis  simplification  it  only  appears 
possible  to  obtain  the  interference  upwesb  to  order  (c/h)'2  at  the  centre  of  the 
tunnel.  To  this  approximation  the  ?iri  effect  is  thst  in  a  two-dimensional  rectangular 
tunnel  of  height 


h#  =  3.843  x  (diameter  of  tunnel)  .  (2.28) 

A  lower  equivalent  height  would  be  expected,  if  it  we*-e  possible  to  evaluate  the 
average  interference  across  the  span-  Nevertheless  the  result  (2. 2S)  should  a?ply  to 
pressure  distributions  at  the  centra  section,  which  say  oe  corrected  bar  Eunation  (2.16). 


k  •  —  *  i~*2£SST*JSS*l0*<xx.  uwt 


E-^isfiSS'  ^iFcVSi?1  ‘  jud?'- 
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Ftor  tunnels  of  octegonal  section  Batchelor2* 3  assumes  that  ths  flow  is  each  plane 
normal  to  the  spec  Is  two-dimensional,  so  that  the  interference  has  to  be  averaged 
across  the  span.  His  simple  procedure  leads  to  an  equivalent  height 


h 


e 


h 


b'hf 

1  +  - ~  > 

b{h  -  fa')  J 


(S.  33) 


•here  {V  and  *h'  are  the  projections  of  each  corner  fillet  on  tbe  horizontal  and  j 
vertical  *ails  respectively.  Equation  (3.79)  must  seriously  underestimate  h,  unless  j 
tu3  fillets  are  fairly  £2all.  Par  balance  measurements  on  a  foll-spaa  modal  it  say  be  • 
safer  to  esc,  in  place  of  Equations  (2.28)  and  (2.29),  an  equivalent  height  C/b  ,  j 
rha.e  C  is  t!re  «ross-sectionsl  area  of  the  tunnel.  Then  respectively  i 


he  =  0.785  x  (diameter  of  tunnel) 
he  =  h  -  ib'h'/b 


(2.30) 


2.3  WINGS  OF  FINITE  THICKNESS  IN  CLOSED  TUNNELS 
2.3.1  Effect  oi  One  Wall 

Hr  way  of  introduction  it  is  interesting  to  consider  a  thick  aerofoil  in  the 
presence  of  one  wall.  TOmotika  et  el.  (Ref.  2.8;  1951)  investigate  theoretically  the 
forces  acting  on  certain  thick  cantered  serofoils  at  incidence  is  a  two-dimensional 
incompressible  flew  bounded  by  one  plane  wall  sbich  can  be  takes  to  represent  the 
ground.  The  exact  solution  for  the  lift  is  derived  as  an  intractable  integral  of  an 
Infinite  series  and  is  evaluated  numerically.  It  can  be  said  at  once  that  corresponding 
exact  solutions  for  flow  in  a  straight  channel  are  exceedingly  laborious  and  that  they 
defy  numerical  analysis  if  the  fluid  is  compressible. 


For  positive  incidences  L/L0  ,  the  ratio  of  lift  sitfa  groasd  to  the  unconstrained 
life,  decreases  at  first  from  unity  ss  c/d  increases  but  later  increases  rapidly  as 
tLc  chord  greatly  exceeds  the  distance  of  the  aerofoil  froa  the  ground.  Then,  by 
Figure  6  of  Reference  2.8,  both  thickness  and  positive  c saber  of  the  aerofoil  can  cause 
largo  redactions  in  L/L0  .  although  these  redactions  do  not  appear  to  exceed  X*  for 
the  values  of  c/d  that  normally  occur  in  pro  bless  of  interference  corrections. 


2.3.2  Goldsiein's  Theory 


The  general  two-diaensicnsl  problem  of  a  thick,  cambered  aerofoil  at  incidence  in 
a  low-speed  closed  tunnel  fees  been  solved  by  Goldstein  (Ref.  2,9:  1942)  as  an  algebraic 
power  series  in  c/b  .  He  first  derives  the  transformation  of  the  aerofoil  into  a 
circle  yd  then  considers  the  velocity-potential  -field  at  large  distances  froa  the 
aerofoil  in  a  uniform  free  strew.  Superposition  of  corresponding  potential  fields 
from  the  infinite  system  cf  images  gives  a  first  approximation  to  the  non-uniform  flow 
field  generated  by  the  walls  of  the  tunnel.  This  flow  is  calculated  in  the  neighbourhood 
of  the  aerofoil,  sad  hence  Goldstein  evaluates  a  modified  velocity  distribution  on  the 
aerofoil  hs  the  theory  described  in  the  first  paper  of  Reference  2.9.  Tfci«  provided 
a  second  approximation  to  the  distant  field  of  tbe  aerofoil  and  hence  to  ths  non- 
uniform  interference  flow  field  from  ahich  the  aerodynamic  forces  ere  obtained  correct 


pgv 


to  tfe»  order  (c/h)*  .  The  tedichs  algebra  As  restricted  to  cases  in  ehich  the  origin 
of  the  tr&aforoation  close  to  the  aid-chord  point  lies  in  the  siddie  of  the  tunnel. 
Goldstein  points  oat  that,  although  simpler  calculations,  such  as  those  described  in 
Section  2.2,  are  no ra ally  adequate  for  correcting  lift-  and  soaent,  his  aethod  allows 
na  to  decids  whether  this  resains  true  in  exceptional  circus  stances  when  c/b  , 
thickness/chold  ratio  of  the  aerofoil,  its  casber  or  lift  coefficient  is  larger  than 
usual. 

then  all  second-order  tens  in  thickness,  caaber  and  incidence  are  neglected,  the 
lift  interference  is  independent  of  aerofoil  thickness,  just  as  the  blockage  corrections 
(Chapter  V)  are  independent  of  aerofoil  casber  end  incidence.  Goldstein  defines  a 
correction  to  incidence  to  be  the  interference  up  wash  angle  at  aid-chord.  In  the 
present  notation  Equations  (76),  (7?)  and  (79)  fros  the  second  paper  of  Reference  2.9 
becose 


A  7T2  /C\ 2  77*  /c\K 

*  =  (2“+0>>  +ii55(h)  "2“  +  «k-»W  • 


(2.31) 


.  rra,C,/c\2  ?jr3a,  /ex*  t  . 

-  —SrW)  +M7 5U)  13(^  +  2rr(2& -  D,  +  D,  +  D,)}  .  (2.32) 


A  !A  77?5  /C\ 

ACL  =  -  iAc,  + - (-  j  (2«  *  D«) 

^  u  61440 \h/  2 


respectively.  Here  »j  is  the  two-dimensional  lift  slope  and 


=  if"  fs 

*Jo  c 


sin  ad 
sin  8 


(2. 33) 


(2.34) 


wbere  zc  is  the  ordinate  of  the  casber  line  of  the  aerofoil  and  8  is  defined  in 
Equation  (2.11).  Goldstein  shows  that 


4  2  /cV 


(2. 35) 


Substitution  Gf  D;  rroe  Eqoaticn  (2.35)  and  ax  =  2jt  in  Fquaticn  (2.31)  gives 


therefore,  to  order  (c/b)2  .  Equations  (2.i  )  to  (2.27)  for  a  flat  plate  aerofoil 
are  not  influenced  hy  first-order  effects  of  cssber. 

.  If  the  aerofoil  is  oncasbered,  i.e.  0B  =  0  ,  then  with  the  aid  of  the  relationship 

(C,  +  Ac,)  =  a,  (a  +  Aa,  =  277(a+Aa) 


*  <^{225  +  632C0  -  10C1  -  7 gC2  -  I4C?  -  6SC,)} 


(2.39) 
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and 

Ac 


=  ~  *  5i  (?)  {2?7a(-  8Co  +  4C2>  +  CL(-  3CX  +  3C3)}  + 

+  303640  {h}  ^ 277K(42  +  212C0  +  84C3  +  20C2  +  36C„>  + 


+  C^aSSCj  -  79CS  -  35CS)>  . 

Ib  deteiMine  the  theoretics!  relationship  between  a  and  C,  ,  it  is  necessary  to 
senate  (CL  +  Ac^)  with  2?7(1  +  C0)(a  +  Aa)  .  Thus  we  substitute 


(2.40) 


277a  =  C, 


/  772  /c\2 

”  '  0=1  96  (  h  j  <4  +  ,8C»  -  3C*> 


(2.41) 


to  give 


t-a  _  7T{C\  773  /  c\  * 

^  ~  iiUj  ^-Co  +  Ci+Ca)  («+WCo  +  llC1+C8  +  siC3  +  42 C„)  .  (2.42) 

772  /c\2  tt1*  * 

*i<5\hj  (2  +  i4C°"2Cl~5C2> +92160\h)  (2I0  +  I0O4Co-19OCi“96C2+10SC3-S9Cll) 


A^_  77 

C. 


and 

2  ✓  -  n  2 

CL  384 \  fa  / 


(2.43) 


AC,,  77 


(2  +  6C0-5C1-C2  +  3C3)  - 


w*  /c\* 

"  368640  (  b  )  ( 163  +  5HC°  "  430Ci  +  44C*  +  185C3  -  ^°5CS  +  35CS) 


(2.44) 


interesting  to  note  that  Equation  (2. 42)  again  reduces  to 


ff  f  c  \  /  c  \ 

sir; 


s*ace,  to  first  order  in  thickness,  the  theoretical  centre  of  pressure  occurs  at  a 
distance  4C(I  t  C0  -  C2  -  Cj)  behind  the  leading  edge  (Ref.  2. 10). 

Equations  (2. 42).'  to  (2.44)  have  been  evaluated  for  a  10-per-cent-thick  RAE  102 
aerofoil  (Ref.  2.  II).  Ry  Equations  (27)  of  Reference  2.10,  this  aerofoil  say  be 
defined  approximately  by  the  coefficients 
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C0  =  0.07728 
C,  =  0.05343 
C2  =-0.01512 
C3  =  0.00089 
C4  =  0.00065 

cs  =  0 


(2. 45) 


which  lead  to  the  curves  of  2/,Ak/Cl  ,  ACj/Cj.  and  Ac^/c,.  against  ( c/h )2  in 
Figure  2.4.  The  terns  in  (c/h)*  are  seen  to  reduce  the  magnitude  of  each  quantity 
and  cannot  safely  be  ignored  unless  c  <  0.  Sh  .  The  effect  of  thickness  is  especially 
important  in  the  case  of  Ac,/^  which  is  increased  by  50%  or  more.  Even  for  a 
5-per-cent-thick  serofoil,  -  Ac^/c^  would  be  seriously  underestimated  by 
Equation  (2.36)  unless  c  <  0.3h  . 


Goldstein  derives  to  order  (c/h)*  the  residual  corrections  to  the  distribution 
of  velocity  on  the  aerofoil;  his  formulae  in  Equation  (97)  of  Reference  2.9  can  be  of 
importance  in  special  investigations,  when  the  crude  alternative.  A(  in 
Equation  (2.16),  is  unlikely  to  suffice.  The  problem  of  a  thick  aerofoil  placed 
anywhere  in  the  tunnel  is  solved  to  order  (c/b)2  in  Reference  2.9.  and  the  results 
are  consistent  with  Equations  (2.20)  and  (2.21)  of  Section  2. 2.  Unfortunately  their 
usefulness  is  restricted  by  the  rather  slow  convergence  of  the  series  in  powers  of 
c/h  .  when  the  aerofoil  is  far  free  the  middle  of  the  tunnel. 


A  method  of  conformal  mapping  has  been  applied  tay  Moses  (Ref.  2. 12;  1949)  to  calculate 
the  velocity  distributions  on  an  arbitrary  aerofoil  at  incidence  in  a  closed  wind 
tunnel.  The  method  provides  a  satisfactory  numerical  solution.  If  it  were  necessary 
to  include  terms  of  higher  order  than  (c/h>*  ,  then  it  would  appear  to  be  more 
convenient  co  use  Reference  2. 12  than  to  extend  the  analysis  of  Reference  2. 9.  As  an 
example  Moses  considers  a  12-per-cent-thick  aerofoil  at  a  =  4°  and  a  ratio 
c/h  =  0. 5  ,  which  prcrvides  &  severe  test  ox  the  formulae  (2.42)  snd  (2.43).  From  the 
ordinates  of  the  aerofoil  in  Table  I  of  Reference  2. 12,  we  obtain,  ta?  Reference  2. 10, 


C0  =  0.090,  ] 

» 

Cx  =  0.05',- 

C,  =  -  0.0229  - 

C3  =  0,0066,. 


(2.46) 


C,  =  0.0052s  J 

and  a  theoretical  value  (a1)_  =  6.848  ,  which  gives  a  free-streas 

=  6.848  x  0.06981  =  0.478  in  agreement  witb  the  result  in  Reference  2.12.  The 
value  calculated  by  Moses  for  the  aerofoil  in  the  tunnel  is  CL  =  0. 537  ,  when 
a  =  0. 06981  radians,  lhen  these  values  are  corrected  to  free-strsea  conditions  by 
Equations  (2.42),  (2.43)  and  (2.46),  we  have 


C.  +  Ac.  =  0. 5022 


»  +  A«  =  0.07340 


Hence 


&x  =  (CL  +  ACL)/(a  +  Aa)  =  6.842  , 


which  is  virtually  a  perfect  check.  If  (c/h)*  is  neglected  in  Equation  (2.42)  and 
(2.43),  then  the  lift  slope  is  over-corrected  by  nearly  3S  to  a:  =  6.65  :  if,  on  the 
other  hand,  aerofoil  thickness  is  ignored  (C^  =  0),  then  the  corrected  value  aj  =  7.01 
is  about  SJ5&  too  high. 


2.3.3  Allowance  for  Compressibility 

Solutions  for  the  symmetrical  coepressible  flow  past  aerofoils  have  yielded  formulae 
for  blockage  corrections  (Chapter  V),  but  the  difficult  non-linear  problem  of  a  lifting 
aerofoil  in  a  channel  remains  unsolved.  Pranke  and  weinig  (Ref. 2. 13:  1939)  use  the 
transfonaed  linearized  differential  Equation  (2.4)  and  represent  the  aerofoil  by  its 
velocity -potential  field  at  large  distances 


$  +  =  i\,  log  £  -  (X2  +  iX,)*'1  • 


(2.47) 


where  \x .  Xz  and  X.  are  real  and  L  =  X  +  iZ  .  The  accuracy  of  the  resulting 
simple  formulae  is  comparable  with  that  of  Reference  2.3. 

Since  there  is  no  practicable  alternative  to  the  evaluation  of  the  interference 
upwash  hy  linearized  subsonic  theory,  the  recommended  corrections  are  those  of 
Equations  (2.42)  to  (2.44)  modified  in  accord  with  the  renarks  in  Section  2.1.  rfe 
first  construct  the  solution  for  the  equivalent  incompressible  flow  of  density  p  and 
velocity  /3~  with  boundary  conditions  set  by  the  geoaetrical  parameters  listed 
below.  The  aerodynamic  quantities  so  obtained  can  then  be  equated  as  follows. 


Geometrical  Parameters 


Aerodynamic  Quantities 


Thnnel  height  =  Bh  Lift.  Koaent 

Aerofoil  chord  =  c  Force  coefficients  =  fi2Ch  , 

Aerofoil  incidence  =  Bo.  Upwash  velocity  =  /T1* 

i 

{  Aerofoil  thickness  =  /3i  Upwash  angle  =  /JAa 


where  h  ,  t ,  ,  Aa ,  etc,  refer  to  the  real  coapreesible  flow. 


Aa  vryS  /  c  \  ‘ ,  0  . 
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where  CQ  is  given  Iff  Equations  (2. 37)  or  55 ay  be  identified  with  Aj,  in  Equations  (27) 
of  Reference  2.10.  In  Figure  2.4  with  abscissa  relabelled  (c/Ah) 2  the  appropriate 
curves  will  give  27tAk/(/5Cl)  .  AcL/CL,  ACj/^  for  a  typical  syKetrical  aerofoil  of 
thickness  t  =  0.  lc//?  .  The  ieplicit  assuaption,  that  a,  =  277 {/T  *  x  C0)  ,  aist  be  ' 

recognized.  In  the  absence  of  _  sore  exact  theory  of  two-dicensional  wall  interference  \ 

there  is  sone  justification  in  that  this  lift  slope  will  norsally  lie  belcw  the  exact  * 

theoretical  value  and  above  the  experimental  one. 


Shea  Equations  (2. 16}  and  (2. 17)  will  not  suffice,  the  wall  corrections  for  a  thick 
cambered  aerofoil  should  be  obtained  in  two  parts.  If  the  neasnred  lift  coefficient 
is  written  as 

Cj/*)  =  Cj/0;  +  ErL(tt)  -  <^(0)1  , 


then  the  contribution  to  interference  free  0^(0)  is  found  by  setting  a  =  0  in 
Equations  (2.31)  to  (2.33)  as  eodified  in  accord  with  the  above  table.  Thus 


where  Dn  is  given  hy  Equation  (3.34).  To  Equations  (2.49)  are  added  contributions 
fro*  Equations  ;2.48)  with  the  substitution  =  [(^(a)  -  Cj/0)]  .  It  *ay  be 
necessary  to  reduce  these  corrections  on  account  of  the  aerofoil  boundary-layer;  a 
siaple  seal -empirical  procedure  for  this  is  discussed  in  Section  2.6.1. 
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2.4  AEE0FS1LS  VITB  HINGED  FLAPS 

Sectiona  2.2  and  2.3  hare  been  concerned  with  lifting  aerofoils  without  lisps;  they 
apply  to  aerofoils  with  undeflected  flaps,  but  an  additional  formula  is  needed  for  the 
residual  correction  Acg  to  the  hinge- aoaent  coefficient.  The  interference  on  a  thin 
ayrwetrical  aercfoil  with  deflected  trailing-edge  flap  panning  a  closed  two-diaepsioaal 
tunnel  has  been  obtained  to  order  (c/h)  *  by  Preston  and  Hanwell  (Ref.  2. 14:  1941). 
Theoretical  values  of  the  non-die ensional  derivatives  of  lift,  quarter-chord  pitching 

wxent  and  hinge  sweat  with  respect  to  incidence  a  and  flap  setting  £ 

Ri  =  ?Cj/Ba.  a2  =  BCj/Bf, 

■i  =  •  *2  =  , 

bt  =  BCjj/Sa  and  b2  =  BCjj/Bf 

are  given  in  the  respective  Equations  (28),  (39).  (43a),  (44a),  (50)  and  (5!)  of 
Reference  2.14.  The  thec-r?  takes  no  account  of  finite  thickness.  and  it  is  verified 
that  the  expressions  for  ax  and  nx  are  consistent  with  the  full  curves  in  Figure  2.3 
for  a  =  0  .  Ratios  of  the  other  derivatives  to  their  free-atrean  values,  , 

&j/(a2)0  ,  »j/(«2)e  and  b2/(b2)0  are  plotted  in  Pigure  2.5  as  functions  of  c /(AO 
and  E  =  cf/c  ,  where  cf  is  the  chord  of  the  flap.  When  c  =  0. 5j£h  and  S  =  0.3  , 
the  inverted  ratios  are  as  follows. 


1  Tannel  derivative 

I  - 

et 

b» 

a2 

1  Correction  factor 
i 

0.914 

• 

0.837 

_ 

0.939 

■  0.917 

_ 

0.930 

_ 

The  correction  factors  to  a2 » mz  and  b2  decrease  as  E  increases  and  arO  of  the 
sace  order  as  that  tc  a,  .  The  interference  correction3  to  fa.  are  caaparatively 
large  and  acch  less  dependent  on  E  . 


In  conformity  with  Sections  2.2  and  2.3,  we  express  the  results  of  Reference  2.14 
as  theoretical  incremental  corrections  to  incidence  and  the  serodyiuoiic  coefficients. 
The  corrected  hinge  aoaent  on  the  undeflected  flap  is  +  ACj,)  with 

Cg  fiCg  =  bjC  +  iiCg  =  +  Aa)  ,  (2.50) 


where  bj  and  (bj)0  in  Equation  (50)  of  Reference  2.14  require  the  asa&l  modification, 
for  compressibility,  and  £a  is  defined  in  Equation  (2,24)  for  a  flat-piste  aerofoil. 
Substituting 

°(s)*j  <s'5Ii 

fro*  Equation  (2.23),  obtain 


2tt  24  \  jSh  / 
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t 


4E2(Aq,)  _  7T  (  c 


^  {12(77  -  5^  cos^j  +  |  sin3x  +  sin  33x)  - 
lv3  /  c  \  * , 

iioC-l^'  60(0  _  0i>  +  600(7/  -  di>  oos6t  *  520  sin ^  - 


92160G  V  ph/  *  1  1 

-  20  81^2^  *  25  sin  28.  -  5  sin  40  x  +  sir  53  x)  .  (2.52) 

wcere  E  =  Cj/c  -  i(l  +  eos3p  .  In  Rigors  2.6(a)  curves  of  ACg/C^  against  -  c/ySi 
are  drcan  far  several  fixed  values  of '  E  .  There  io  no  reason  to  suppose  that  the 
effect  of  aerofoil  thickness  on  these  curves  is  any  greater  than  on  ^Cg/Cj,  in 
Figure  2.4.  However,  the  terns  in  (c//8h)a  nay  becone  especially  iwportaat  in  the 
ease  of  ACg/c^  ;  it  appears  likely  that  fir  c  >  0. 4^h  these  higher-order  tens  are 
core  si gri fieri t  than  thickness  effect. 

For  the  ccsspressible  flow  past  a  thin  aerofoil  at  zero  .  .cidence  with  deflected 
flap,  we  write 


Cl  +  ACl  =  a^  +  ACj,  =  (a,)^  +  (ax),jAa 

=  *2£  +  A<^  =  («2)0£+  (a,)^ 

O,  fAcB  =  b^  +  Aq,  =  (b2),£i  (bx)oAa 


(2.53) 


mere  (%1)0  =  2>r/^l  (mjg  =  0  .  (bx)0  ,  (a2)0  .  (*2)0  and  (b,)0  are  /T1  tines 
their  values  in  Reference  2. 14  for  S  =  0  .  The  correction  A*  to  incidence  is 
chosen  fro*  Equation  (2.27),  whence 
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(2.34) 


By  Equations  (2.53)  and  (2.54) 


AC,  1  .  -  .  2jrAa 

—  -  =  —  {(a,)  a  -  a  J  +  — — 


*y,  . 


=  —  {(*2)0 
•*» 


(2.55) 


ACh  _ 


1  {(b2)c  -  bj  +  (bx)^ 


These  corrections  are  plotted  a*  functions  of  c/)5h  and  B  in  Figures  2.6(b)  and 
2.7:  Aa/C^  falls  sharply  as  E  decreases,  and  to  order  (c/h)2  it  tends  to  zero 
as  E  -  0  .  To  this  order  Ac^/0^  snd  Ac^/Cj,  are  independent  of  E  and  ACg/C^ 
is  given  by  Equation  (2.52);  for  large  enough  c/ySh  ,  however,  all  these  corrections 
for  s  deflected  flap  «rs  materically  larger  than  the  corresponding  values  in 
Figure*  2.4  and  2.5(a)  for  the  lift  Interference  due  to  aerofoil  incidence. 


|  » 

3  r 

$  A 


In  the  cue  of  s  gyswetrical  aerofoil  at  incidence  with  deflected  flap,  Act  should 
first  be  evaluated  directly  fro*  Equation  (2.27).  Then  the  residual  corrections  Ac^. 
Ac^  and  Ac^  should  be  estimated  both  froa  Figures  2.4  and  2.6(a)  and  froa 
Figures  2.6(b)  and  2.7.  fcenever  these  differ  appreciably,  a  assn  value  should  be 
weighted  according  to  the  contributions  to  fro*  aerofoil  incidence  and  flap  setting. 
Aerofoil  cMsber  should  be  treated  separately  as  in  Equation  (2.49).  Seai-ewpirical 
correction  factors  to  Acg  will  nor*ally  be  required  to  take  account  of  the  boundary 
layer  (Section  2.6.1). 

The  results  in  Figures  2.6  and  2.7  only  apply  to  unbalanced  two-diaensicnal  flaps. 

To  order  (c/h) 2  ,  Miss  Lyon  (Ref.  2. 15;  1942)  has  extended  the  analysis  to  flaps  with 
sealed  shrouded  balance  on  the  supposition  that  the  chordwise  pressure  distribution  is 
that  of  an  unbalanced  flap  of  increased  chord.  The  hinge  aoaents  are  further  codified, 
since  the  binge  is  now  set  back  free  the  nose  of  the  flap.  If  required,  the  results 
for  balanced  flaps  could  be  derived  to  order  (c/h) *  with  the  aid  of  Reference  2. 14. 

De  Jager  and  van  de  Yooren  (Ref.  2. 16;  1961)  have  considered  the  non-linear  proble* 
of  a  hinged  plate  between  parallel  wells  in  incompressible  flow.  The  forward  portion 
of  the  plate  lies  along  the  centre  of  the  channel,  but  the  rear  portion  or  flap  is 
deflected  through  large  angles  z  so  that  the  vorticity  *ay  no  longer  be  as sowed  to 
lie  entirely  in  the  central  plane.  Numerical  solutions  with  six  terws  to  represent 
the  vorticity  are  obtained  for  a  wide  range  of  £  *en  E  =  0. 2 , 0. 25 . 0. 3  and 
c/h  =  0. 2 ,  0. 3 , 0. 4  .  Because  of  the  non-linearity,  the  results  cannot  be  presented 
as  in  Equations  (2.53)  to  (2.55)  with  a  correction  Aa  ,  nor  can  any  reliable  allowance 
be  sf.de  for  ccwpressibility.  The  corrections  ACj/Cl  frow  Reference  2. 16.  reproduced 
in  Figure  2.8.  are  therefore  not  comparable  with  those  in  Figure  2.7.  The  west  striking 
foature  of  the  results  is  the  rapid  decrease  in  the  corrections  as  g  increases  above 
30°;  there  is  indeed  a  reversal  in  the  sign  of  the  correction  near  <f  =  81°  ,  70°  and 
58°  for  E  =  0. 2 . 0. 25  and  0. 3  respectively.  lith  the  aid  of  the  graphical  data  in 
Figures  2,  3.  5  and  8  of  Reference  2. 16  it  is  siwple  to  calculate  the  ratio 

Aca  _  Ac.  (Cg)  p{i  +  (Aq/C^)} 

<%  c.  'C,^)  0(l  +  (Ac./C.p) 

to  obtain  the  curves  in  Figure  2.9  for  E  =  0. 25  .  In  this  case,  since  (b1)0  =  0  . 
the  results  for  aall  £  are  seen  to  be  consistent  with  the  corresponding 
Equation  (2.55)  end  the  curve  in  Figure  2.7  that  is  practically  independent  of  E  . 

Per  each  value  cf  c/b  the  correction  is  halved  near  £  ~  40°  and  vanishes  near 
€  =  67°  It  would  be  interesting  to  have  experimental  confirmation. 


2.5  OPEN- JET  TUNNELS 
2.5.1  Boundary  Conditions 

At  one  tiwe  it  was  cowwon  practice  to  test  two-diaensional  aerofoils  spanning  sn 
open  jet:  such  wodels  could  be  supported  conveniently  outside  the  strews.  The  problea 
of  jet-boundary  interference  has  to  be  considered  fro*  several  points  of  Tiew,  The 
flow  is  far  fro*  two-diaensional,  since  the  lift  falls  to*  zero  where  the  aerofoil 
crosses  the  boundary;  the  wing  therefore  experiences  a  large  down  wash  due  to  lift 
interference  snd  also  soae  lift-dependent  drag  which  is  absent  in  purely  two-discasional 
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flow.  In  a  flow  of  finite  cross-section  with  free  upper  and  lower  boundaries,  a 
finite  lift  on  the  aerofoil  induces  a  finite  downwesh  in  the  distant  wake  and  a 
consequent  interference  at  the  aodel.  Both  of  these  considerations  lead  to  large 
corrections  Aa  proportional  to  the  chord  of  the  aerofoil.  Fnrtberaore,  the  flow 
is  accompanied  hy  soae  distortion  as  well  as  the  deflection  of  the  jet,  and  these 
effects  hav«.  never  been  incorporated  in  the  boundary  conditions.  Therefore  the  inter¬ 
ference  corrections  are  not  only  larger  but  less  soundly  based  than  those  for  closed 
tunnels. 

The  boundary  condition  to  be  satisfied  at  the  edge  of  a  jet  is  that  the  pressure 
has  a  constant  value  equal  to  that  of  the  surrounding  air.  Although  linear  velocity 
perturbations  are  hard  to  justify  where  the  aerofoil  emerges  from  the  jet,  this 
assuapticn  is  Bade;  it  then  follows  froa  Bernoulli  i*  s  equation  and  the  conditions  of 
constant  pressure,  that  u  =  u  over  the  entire  boundary  of  the  open  jet.  If  it  is 
farther  assured  that  the  jet  is  infinitely  long  and  usdistorted  by  the  model,  then  on 
the  boundary  the  velocity  potential  Is  $  =  Ox  and  the  perturbations  is  velocity  have 
zero  tangential  components. 


2.5.2  Rally  Open  Jets 

?e  first  consider  a  lifting  aerofoil  spanning  an  inccspressible  jet  of  breadth 
b(-  ib  ^  y  <  ib)  and  infinite  height.  Stuper  (Ref.  2. 17;  1932)  ess  treated  this 
probleo  as  an  application  of  the  classical  lifting-line  theory  to  a  sing  of  infinite 
span  at  incidence  <x(y)  =  {-  l)*  ,  where  N  is  the  integer  nearest  to  y/b  .  This 
unit  function  of  periodically  changing  sign  is  expanded  as  a  Fhurier  series 


4  (_  i}°  (Vy  'j 

*(y)  =  -  >  - cos-{ —  (2n  +  I>  ^  . 

W  f-r  2C  i  1  lb 


R*0  "*  ’  *  l  "  J 

Hence,  for  |y|  <  ib  ,  the  lift  per  unit  span  is  fXT(j)  with 
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efcere  a,  is  the  two-dioensional  lift  slope  and 

h.  ~  3b/(7ra.c)  =  4b/<i7*c>  when  Bj  =  2w  • 

The  total  lift 
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=  L, 


1  -■ 
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^^{20+  l)(2n  *  1  +>.) 

This  is  easily  siaed  when  \  is  a  positive  integer;  in  general 

L  =  L, 


-^|(0.5T72-*-  4  29(1  4  K)  -  9(1  4  i\)}J  . 


(2.58) 


(2.59) 


%*ere  0. 5772*  •  •  is  Euler*  s  constant  and  values  of  the  psi  function  9(x)  will  be 
found  in  Reference  2. 18-  The  boundary  iEterf'treuce  will  depend  on  Aether  the 
experimental  data  are  taken  fro*  aeasureaents  of  total  force  or  froa  pressure  plotting 
at  the  centre  section.  Is  the  forcer  case  L/L0  is  given  by  Equation  (2.59)  and  is 
plotted  in  Figure  2. 10(a)  vrainst  c/b  =  4/(jt2\)  .  even  for  a  snail  wing  at  chord 
c  =  0.  lb  the  correction  factor  Lj/L  is  as  high  as  1. 37. 

Stuper2*17  deals  with  epen  rectangular  tunnels  for  which  he  obtains  as  a 
generalization  of  Station  (2.57), 


£pr)  _  (-  i)a  cr>l<2n  4  i)7Tj/b> 

ro  ~  (2n  4  l)[l  +  PnAi  •  (2, 

where 

ro  =  K0e 

► 

?c  =  (2p  +  1)  ooth{(2a  4  l)rh/2t} 

J 

He  provides  evidence  froa  experimental  pressure  distributions  for  h/b  =  \  and  1  in 
support  of  the  span  wise  loadings  predicted  by  ctputioj  (2.60).  Although  there  is  less 
interference  on  the  lift  at  the  centre  section  fchar  cs  the  -sotal  lift,  the  curves  of 
r<0)/T  against-  c/b  in  Figure  2.10(c)  stow  that  the  correction  factors  f->r  a  wing 
of  chord  0.  lb  are  f^/TVo)  =  i.  is  ,  l.  20  and  1-35  for  h  =  co  _  fc  and  {b 
respectively. 

Another  configuration  that  has  received  considerrblv  attention  is  a  rectangular  wing 
spanning  a  circular  open  jet.  In  Reference  2.17  tb«Te  appear  to  be  error's  on  the  left- 
hand  sides  of  the  final  equations  for  the  coefficients  r.-f  (he  sraawi.se  loading. 

ISoreover,  Squire  (Ref. 2.19;  1239)  poiuts  out  thrt  Steer's  fora  of  solution  misrepresents 
the  E&t-hesatic&i  singularity  in  downwssh  at  the  wing  tips.  Squire  gives  a  acre  exact 
treataent  of  the  lifting-1  iae  problem  with  a  distribution  of  Zift 
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where  R  is  the  radius  of  the  jet.  Equation  (2.61)  yields 
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* 

(2.62) 


where  bn  (n  =  0  .  1  and  2)  are  obtained  approximately  by  collocation.  The  numerical 
results  are  plotted  in  Figure  2.11(a)  and  are  not  greatly  different  froa  the  values  of 
r(0)/ro  and  L/Le  for  a  squars  jet. 


As  a  consequence  of  the  non-unifora  spsnwise  loading  across  the  jet,  the  wing 
experiences  lift-dependent  drag  which  is  absent  in  purely  two-din ensional  flow.  Quite 
ssall  errors  in  the  spansise  loading  are  significant  in  the  evaluation  of  this  drag; 
it  is  not  surprising,  therefore,  that  Stiiper*  s  values  are  appreciably  greater  than 
those  froas  Reference  2.19  which  are  used  in  Figure  2.11(b).  Here  the  corrections  to 
incidence  and  drag  are  given  by 


Aa. 


(2-63) 


and  by  ACj/c£  ,  where  ACg  is  equal  and  of  opposite  sign  to  the  theoretical  drag 
coefficient  of  Reference  2.  IS  with  a,  =  gjr  ;  it  is  easily  shown  that  the  results  are 
not  sensitive  to  the  choice  cf  ttj  . 


The  treatsent  by  lifting-line  theory  ignores  the  effects  of  induced  curvsture  of 
flow,  which  will  be  of  the  ease  order  as  the  corrections  for  closed  tunnels  in 
Figure  2.4.  By  coaparison  with  the  positive  values  of  Ao/t^  for  closed  tunnels,  the 
quantity  defined  by  Equation  (2.63)  in  conjunction  with  either  Figure  2- 10(a)  or 
Pigure  2.11(a)  is  negative  and  of  such  higher  sagnitude.  The  likely  accuracy  of  the 
interference  corrections  for  open  tunnels  does  not  warrant  allowance  for  induced 
curvature.  Sinilarly  there  is  little  justification  for  applying  lifting- surface 
theory,  although  Reference  2.20  (Rethorst,  1958)  could  be  adapted  for  the  purpose. 


2.5.3  Two-Diwcnsioesl  Tests 

It  is  now  supposed  that  the  breadth  of  the  tunnel  is  very  large,  or  that  with  tbs 
aid  of  solid  side-sails  or  end  plates  a  two-di»ensional  floe  is  preserved-  On  the 
sispie  .*rgu*e»t.  that  fchs  interference  down  wash  at  the  wing  is  half  that  in  the 
distent  wake,  we  have 


Aa  =  122 
'  0 


(2.64) 


since  froa  considerations  of  aoaeutua  the  lift  force  icD2S<^  balances  the  rate  of 
growth  of  downward  aoaectae  -  pUCw^  .  Ad  exact  solution  of  the  isccapressihle 
•problem  by  Sasaki  (Ref.  2. 21;  1928),  quoted  in  Glauert’s  aonogrsph,  has  given  numerical 
values  of  L/l0  for  a  flat  plate  placed  aidway  between  the  boundaries  of  the  jet  st 
oo  incidence  a  =  10°.  These  are  plotted  against  c/h  in  Pigure  2. 10(b),  and  for 
c  =  0. 2h  the  correction  factor  Lj/L  has  reached  1. 34.  Frea  consideration  of 
Equation  (2.84)  alone  we  would  have 
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tdiica  ‘Is  e  fair  asrroxlak^loa  to  the  accurate  theory. 


I! 


We  do*  suppose  ^hat  the  lifting  aerofoil  is  of 'snail  chord  and  can  be  replaced  by  a 
single  vortex  at  an  arbitrary  position  between  the  upper  and  lower  boundaries  of  the 
jet.  Corresponding  to  Equations  (2.6}  and  (2.10)  for  a  closed  tunnel,  the  induced 
upward  and  streaavise  velocities  for  a  tunnel  with  open  roof  and  floor  are 
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Equations  (2.66)  and  (2.67)  arise  from  as  image  systea  coxprising  a  colusrn  of  vortices, 
each  of  the  sme  sense;  these  contribute  a  finite  upwash  w^/D  =  +  zcCj/h  upstreaa 
of  the  oodel  and  an  equal  and  opposite  downwash  w+e/D  =  -  ycCj/h  in  the  distant  wake. 
In  order  to  eliminate  the  undesired  up stress  upwash,  a  uniform  downwash  can  be  added 
to  the  solution  in  Equation  (2.  66)  without  violating  the  condition  that  the  tangential 
velocity  is  unperturbed  at  the  boundary  of  the  jet.  Hence,  by  Equations  (2.7)  and  (2.8). 
the  induced  upwash  angle  in  the  neighbourhood  of  the  model  is 
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(2.68) 


Glauert  has  siown  that  this  result  with  fi  -  1  and  d  =  0  is  in  very  good  agreement 
Kith  the  exact  solution  of  .Reference  2.21. 

Vandrey  (Ref. 2. 22;  1942)  has  considered  a  small  acdel  in  a  tao-diaensional  open 
tunnel  with  a  closed  entrance  nozzle,  and  he  gives  a  physical  discussion  and  raatheaatical 
solution  of  this  nixed-boondary  problem.  The  oodel  is  represented  by  a  combined  vortex 
and  source,  and  the  interference  velocities  are  expressed  in  terss  of  lift  and  drag. 

The  lift  interference  of  Reference  2.22  can  be  regarded  as  a  special  case  of  the  work 
cf  Gardner  and  Diesemiruck  in  the  second  part  of  Reference  2.23  (1950).  However  far 
dosmstreso  the  nodel  say  be,  the  closed  entrance  nozzle  takes  care  of  the  upstreaa: 
flow  condition.  One  configuration  of  tunnel  in  Reference  2.23  hap  a  closed  entrance 
nozzle  and  a  single  loser  exit  lip.  i.e.  a  roofless  collector;  for  a  lifting  sodel 
aidway  between  the  rcof  and  floor,  the  induced  velocities  at  the  oodel  are 
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x0  and  I  are  the  respective  distances  of  the  model  and  the  exit  lip  downstream  of 
the  entrance  nozzle.  As  l  -  co  ,  Ui  -  0  and 
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(2.70) 


which  is  consistent  with  Reference  2.22. 

Of  greater  practical  interest  is  the  two-dimensional  closed-open-exosed  tunnel  with 
an  open  working  section  of  length  l  and  a  closed  entrsnce  nozzle  and  collector.  In 
Reference  2. 23  the  interference  velocity  is  derived  for  an  arbitrarily  placed  vortex 
in  such  a  tunnel.  The  stream  vise  component  ui  vanishes  when  the  vortex  is  in  the 
horizontal  plane  of  symmetry,  and 
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and  (x  -  x)  denotes  the  distance  downstresa  of  the  vortex,  fa  substitute 


X  =  IOcCl 
X  -  X  =  ic  +  cC^/'Cl 


to  obtain  the  upwash  angle  at  aid-chord 
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Then  the  residual  corrections  to  lift  ted  moment  are  given  fey 
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where  Gx  Is  defined  in  Equation  (2.73).  If  x0  -  ±  «  ,  G,  o  and  Gj  -  -  1/6  and 
wa  have  the  results  for  a  closed  tunnel  in  Equations  (2.16)  and  (2.17).  If  l  —  oo  and 
then  x0  —  co  ,  G0  -  1  and  G1  —  +  1/3  ,  so  that  for  an  open  tunnel  the  residual 
corrections  in  Equation  (2.75)  are  of  twice  the  magnitude  and  of  the  opposite  signs. 

The  functions  G0  and  G1  x&re  plotted  in  Figure  2. 12.  In  a  typical  case  1  =  1. 5/3b  , 
xa  =  0.5/Si  ,  G0  =  0.96  «d  Gt  =  0. 33  ;  such  a  closed-open-closed  tunnel  has 
interference  characteristics  very  similar  to  these  of  a  completely  free  jet. 

2.5.4  Spillage  Behind  the  Model 

In  the  first  part  of  Reference  2.23,  Kstzoff  remarks  that  considerable  uncertainty 
exists  with  regal'd  to  conditions  at  the  exit  and  the  mathematical  equivalent  of  these 
conditions.  Accordingly,  certain  compromises  are  justified  when  idealized  downstream 
conditions  are  used  in  a  determination  of  boundary  interference.  In  the  example 
1  =  1.  5/3h  ,  x0  =  C.  5/Si  quoted  above,  it  is  found  from  integration  cf  the  vertical 
component  of  velocity  at  either  free  surface,  that  the  downward  displacement  of  the 
jet  at  the  collector  is  1. 20/Sc/D  =  0.60/S:C^  .  The  physical  implications  of  this  have 
been  ignored;  we  ma?  suppose,  however,  that  the  errors  in  the  interference  as  given  in 
Equations  (2.74)  and  (2.75)  would  necone  serious,  were  the  downward  displacment  of  the 
jet  to  exceed  0.  l/?h  .  Thus  tests  on  an  aerofoil  of  chord  c  =  0. 2/5h  would  need  to 
be  restricted  to  incidences  below  8°. 

Katzaff  also  points  out  that  the  velocities  at  the  two  free  boundaries  need  not  be 
equal.  If  the  space  below  the  lower  boundary  is  sealed  off,  the  pressure  at  this  free 
surface  will  adjust  itself  ^so  that  the  jet  attaches  smoothly  at  the  lower  lip  of  the 
collector.  By  modifying  the  boundary  conditions  so  that  there  are  horizontal 
perturbation  velocities  +  u7  on  the  upper  free  boundary  and  -  u'  on  the  lower  one, 
increments  to  the  interference  velocities  are  obtained  in  Reference  2.23.  The  downward 
components  of  induced  velocity  along  the  central  axis  and  the  free  boundaries  are  given 
by  simple  functions  of  elliptic  integrals.  In  the  numerical  example  with  l  -  l.5@k 
and  x0  =  0.5/5:  .  the  incremental  upward  displacement  of  the  jet  is  3. 89/3^1  'h/U  ;  the 
original  downward  displacement  1.20/3K/U  is  exactly  cancelled  if  u'  =  0. 31K/{-3h)  . 

Now  if  the  interference  near  the  model  is  expressed  in  the  form  of  Equation  (2.71), 
the  increment  due  to  the  unequal  velocities  at  the  free  boundaries  is 

wx  =  1.44/Ju'  +  1. 98u ' ( x  -  x0)/h 

=  {o.  45  i  O.oKx  -  x0)//?h}K/h  .  (2.76) 

In  other  words,  the  increments  to  G0  =  0.96  and  Gj  =  0. 33  are  -  0.90  and  -  0.39 
respectively.  This  demonstrates  theoretically  that  lift  interference  may  be  nearly 
eliminated  if  spillage  at  the  collector  is  prevented  by  enclosing  the  space  into  which 
the  spillage  would  normally  occur. 

On  account  of  the  large  and  unreliable  interference  corrections  the  use  of  a 
completely  open  tunnel  for  accurate  testine  of  two-dimensional  models  is  not  recommended. 
The  likely  inaccuracies  in  the  corrections  predicted  by  Figures  2.10  and  2.11  set  too 
low  a  limit  on  the  chord  of  the  model.  If,  however,  two-dimensional  flow  is  preserved 
by  means  of  solid  side  wails  or  large  end  plates,  then  the  chief  uncertainty  is  the 
condition  at  the  collector  downstream  of  the  jet.  The  linearized  theoretical  results 
in  Equations  (2.74)  ana  (2.75)  with  Figure  2.12  ignore  any  effect  of  the  jet  ueflection 
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at  the  collector,  though  Reference  2. 23  permits  the  evaluation  of  the  vertical 
displacement  of  the  jet.  A  condition  that  this  should  not  exceed  0.  lh  ,  say.  might 
restrict  the  tests  to  low  incidences.  Finally,  there  is  the  theoretical  merit  of  a 
two-dimensional  closed-open-closed  tunnel  with  straight  unflared  collector  and  with 
self-adjusting  unequal  pressures  at  the  free  surfaces  to  prevent  spillage. 


2.6  EXPERIMENTAL  CONSIDERATIONS 
2.6.1  Viscous  Effects 


Unless  there  are  extensive  regions  of  separated  flow,  the  theoretical  interference 
corrections  to  lift  and  pitching  moment  can  easily  he  modified  to  take  some  account  of 
viscous  effects;  the  correction  to  incidence  would  remain  unchanged.  Prom  the  seai- 
empirical  reasoning  in  Section  4.2  of  Reference  2.24  (Bryant  and  Garner,  1951).  the 
incremental  lift  and  pitching  moment  due  to  streamline  curvature  are  influenced  by 
boundary  layers  in  roughly  the  same  ratio  as  the  lift  slope.  Viscous  effects  on  two- 
dimensional  wall  interference  can  therefore  be  incorporated  by  applying  to  AcL/cL 
and  Ac^/Cl  the  approximate  correction  factor 

u .  =  — - —  (Corrected  experimental  Bc./3a}  ,  (2.77) 

<*I>T 

where  (Uj)T  =  2t7(/3“1  +  C0)  with  C0  =  0  unless  aerofoil  thickness  has  been  taken 
into  account  (Section  2.3).  The  author  (Ref.  2. 25;  1957)  has  shown  that  this  factor 
will  become  important  at  low  Reynolds  numbers,  especially  if  the  trailing-edge  angle 
is  large. 


In  the  case  of  hinge  moments,  however,  viscous  effects  will  alwsys  be  important  and 
cause  considerable  uncertainty  in  the  residual  corrections  Ac,j/cl  ,  as  is  discussed 
in  detail  in  Reference  2.26  (1950).  There  is  limited  evidence  that  the  hinge  moment 
due  to  induced  curvature  of  flow  is  influenced  by  boundary  layers  in  the  sane  ratio  as 
the  derivative  .  it  is  advisable  therefore  to  apply  to  AcH/CL  the  correction 
factor 


= 


(Corrected  experimental  dcH/3a} 


(2.78) 


where,  with  cos  0  =  2E  -  1  , 

4jSez('d1)t  =  -  2(7?  -51)(1  -  2cos0j)  -r  4  sin^j  -  sin  2d t  . 

This  factor  may  well  reduce  Ac^/c^  to  less  than  one  half  of  its  value  in  Figure  2.6. 

As  discussed  in  Section  2.1,  Mendelsohn  and  Polhaous2*1  have  shown  experimentally 
that  side-wall  boundary  layers  can  be  ignored  in  problems  of  two-dimensional  inter¬ 
ference  correction.  Farther  evidence  to  this  effect  is  given  by  Vincent!  and  Graham 
in  Figures  6  and  7  of  Reference  2.7.  However,  Barbieux  (Ref.  2.27;  1955)  has  suggested 
that  a  reduced  height  of  tunnel  should  be  taken  to  allow  for  the  displacement  thickness 
of  boundary  layers  on  the  roof  and  floor;  such  a  correction  would  only  become  important 
if  the  ratio  c/h  were  unusually  large. 
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2.6.2  Closed  Tunnels 

Barbieux2'*7  has  provided  important  experimental  data  on  wall  corrections  in 
incompressible  flow.  An  aerofoil  (p.  137  of  Reference  2.27)  was  pressure  plotted  in  a 
two-dimensional  closed  tunnel  whose  ht  ight  was  varied  systematically  in  the  range 
c  ^  h  <  3c  .  He  applied  an  original  tneory  of  interference  correction,  .-which  is 
described  in  Chapter  I  of  the  second  pail  cf  Reference  2.27.  This  differs  from 
Goldstein’ s  theory  in  that  the  model  is  represented  more  simply  by  the  combination  of 
a  streanwise  doublet  at  its  centroid,  a  finite  vortex  at  its  aerodynamic  centre  and  a 
transverse  doublet  corresponding  to  the  pitching  moment  at  zero  lift,  each  of  which  is 
assumed  to  lie  midway  between  the  walls  of  the  tunnel.  The  resulting  formulae,  given 
as  power  series  up  to  (c/h)6  .  are  summarized  in  Tables  IX  to  XII  of  Reference  2.27. 

The  lift  interference  is  expressed  as  an  incremental  correction  to  incidence  which  is 
chosen  such  that  there  is  a  residual  correction  to  pitching  moment  but  not  to  lift. 

By  following  the  sequence  of  Figures  62.  70.  76  and  79  (legend  in  Figure  82),  it  can 
be  seen  that  Barbieux’ s  results  collapse  on  to  a  unique  lift  curve  against  incidence 
within  about  ±  26  ;  his  fully  corrected  experimental  piccbing-moment  curve  in  Figure  80 
shows  some  small  systematic  residual  effect  of  c/h  .  The  results  are  remarkably  good 
in  view  of  the  extensive  range  of  c/h  . 

Nevertheless,  the  formulation  of  Goldstein’s  theory  in  Section  2.3  is  preferable, 
since  this  involves  a  rigorous  treatment  cf  the  first-order  effects  of  aerofoil  profile 
and  a  rigorous  representation  of  the  interference  flow  field  to  the  order  (c/h)“  . 

The  resulting  corrections  in  Equations  (2-48)  will  now  be  considered  in  the  light  of 
viscous  effects  (Section  2.6.1)  and  an  experimental  investigation  of  Knechtel 
(Ref.  2.28;  1953)  of  two-dimensional  wall  interference  in  subsonic  compressible  flow  on 
an  NACA  4412  aerofoil.  By  varying  the  effective  height  of  a  closed  tunnel,  four  ratios 
c/h  in  the  range  0. 119  <  c/h  <  0.  -,95  were  obtained  without  change  of  Reynolds  number. 
The  two  highest  values  c/h  =  0.357  and  0.595  were  obtained  by  using  respectively 
two  and  four  image  aerofoils  so  as  to  simulate  tunnels  of  1/3  and  1/5  the  true  height. 
Tests  were  also  carried  out  on  the  same  model  in  a  large  two-dimensional  open  tunnel 
with  c/h  =  0.026  and  negligible  wall  interference.  The  main  conclusion  from 
Figures  2(a)  and  2(b)  of  Reference  2.28  is  that  wall  corrections  by  the  method  of  Allen 
and  Vincenti2*3  give  satisfactory  comparisons  provided  that  c  <  0. 15h  ;  for  larger 
values  cf  c/h  ,  wall  interference  becomes  progressively  greater  and  results  corrected 
by  this  method  become  increasingly  questionable.  The  evidence  on  lift  coefficient  at 
a  =  4°  is  reproduced  in  Figures  2.13(a)  and  2.13(b)  for  Mach  numbers  in  the  range 
0.3  <  H  <  0.8  . 

We  now  suppose  that  accurate  blockage  corrections  and  approximate  lift  interference 
from  Equations  (2.16)  and  (2.17) 


have  been  applied  in  Figure  2.13(b).  It  will  be  seen  that  the  curve  for  c/h  =  0.595 

lies  roughly  1%  below  the  others.  Equations  (2.48)  with  the  viscoun  correction  factor 

ft.  from  Equation  (2.77)  give  more  comprehensive  corrections  than  Equation  (2.79). 

“  » 


To  estimate  the  effect  of  aerofoil  thickness,  we  use  the  values  of  CD  froa 
Equation  (2.45)  with  a  generalizing  factor  lOt/c  to  obtain  the  numerical  formulae 
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We  have  seen  in  Section  2.3  that  to  order  (c/h)2  Equations  (2.79)  and  (2.80)  for 
A<x  are  identical,  and  we  shall  regard  the  term  in  (c/h)  8  in  Equation  (2.80)  as  an 
increment  to  the  correction  Aa  given  in  Equation  (2.79).  This  increment  must  be 
converted  to  an  equivalent  lift  coefficient  by  means  of  the  factor  -  ax  ,  since  we 
wish  to  compare  results  at  a  fixed  incidence  a  =  4°  .  Thus  we  apply  as  a  further 
correction  to  CL  ,  as  given  in  Figure  2.13(b),  the  increment 
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and  ax  is  estimated  froa  experiment. 

The  four  terns  of  Equation  (2.81)  nay  be  described  as 

(i)  the  equivalent  of  the  (c/h)*  term  in  Aa 

(ii)  the  viscous  correction  to  Ac^  in  Equation  (2.79) 

(iii)  the  thickness  correction  of  order  (c/h)2 

(iv)  the  (c/h)8  tern  in  Ac^  in  Equation  (2.80) 

For  the  thickness  to  chord  ratio  t/c  =  0. 12  the  correction  factor  1  +  (Ac^)  r/CL 
has  been  evaluated  with  c/h  =  0. 119 , 0. 156 , 0. 357  ,  0. 595  and  M  =  0. 30 , 0. 45 , 0.60  , 
0.70, 0.80  ;  typical  results  are  given  in  the  following  table,  where  the  separate 
contributions  (i)  to  (iv)  often  tend  to  cancel. 
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(i) 

(ii) 

(iii) 

(iv) 

0. 156 

0.60 

0.827 

0. 000 

0.001 

-  0. 003 

0. 000 

0.998 

0.357 

0. 30 

0.840 

0.002 

0.C05 

-  0.015 

0. 005 

0.997 

0.357 

0. 60 

0.827 

0.004 

0.007 

-  0.017 

0.010  • 

1.004 

0.357 

0. 80 

0.413 

0.005 

0.043 

-  0.011 

0.014 

1.051 

0. 595 

0.30 

0.840 

G.  014 

0.013 

-  0.04C 

0. 039 

1.026 

0.595 

0.  C9 

0.827 

0.027 

0.020 

-  0.047 

0.074 

1.074 

0.595 

0.80 

0, 413 

0.041 

0.119 

-  0. 032 

0.110 

1.238 

The  results  so  corrected  are  plotted  in  Figure  2.13(c),  where,  for  the  four  values 
of  c/h  and  Mach  numbers  in  the  range  0.3  <  M  <  0,7  ,  the  discrepancies  appear  to 
be  random  and  never  exceed  ±  2%  .  Although  the  results  for  the  interference-free 
case  c/h  =  0.026  are  up  to  4$  higher,  this  discrepancy  can  be  attributed  to  effects 
of  extraneous  flow  in  the  large  open-jet  tunnel  with  side-walls  installed2-28. 

It  way  be  inferred  from  Figure  2. 13  that  effects  of  shock-induced  separation  on  the 
NACA  4412  aerofoil  at  a  =  4°  are  felt  at  Mach  numbers  above  0.6.  The  theory  of  wall 
interference  is  based  on  the  velocity-potential  field  at  large  distances  froa  the 
aerofoil  where  the  linearized  equations  continue  to  give  a  good  approximation  to  the 
flow,  and  so  to  Aa  .  Although  the  residual  corrections  Ac^  and  Aq,  are  less 
certain,  the  evaluation  of  wall  interference  reaains  justified  until  M  approaches 
0.8- 


Tbere  can  be  general  confidence  in  methods  of  applying  two-dimensional  interference 
corrections  for  tests  in  srbsonic  closed  rectangular  tunnels.  The  method  of 
Reference  2.3  will  normally  be  adequate  for  correcting  lift  and  pitching  moment; 
Equations  (2.79)  to  (2.81)  indicate  some  of  the  inaccuracies  in  such  an  approximation. 
When  these  are  too  large,  Goldstein’s  theory2'9,  as  formulated  in  Section  2.3,  is 
recomended. 

2.6.3  Open- Jet  Tunnels 

An  experimental  investigation  by  Adamson  (Ref.  2. 29;  1941)  includes  tests  of  two 
rectangular  wings  of  different  chord  spanning  an  open-jet  circular  tunnel.  The 
measurements  of  lift  and  drag  have  been  corrected  according  to  Squire’s  theory2'19  as 
given  here  in  Figure  2.11(b).  These  corrections  are  too  small  in  magnitude  on  account 
of  the  approximate  lifting-line  theory.  It  is  found  that  the  corrected  two-dimensional 
lift  slopes  froa  Figure  1  of  Reference  2.29  are  rather  lower  than  would  be 
predicted  by  Equation  (22)  of  Reference  2.25.  The  following  table  shows  that  the 
inaccuracy  in  lifting-line  theory  is  of  the  correct  order  of  magnitude  and  sign  to 
account  for  the  discrepancies  in  at  . 
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Aerofoil 

2R 

c 

Reynolds 

number 

Value  of 

ai 

Estimated 

inaccuracy 

Ref. 

2.25 

Ref. 

2.29 

at  (Ref. 
2.29) 

1.-2. 

theory 

RAF  34 
RAF  48 

7.5 

5.0 

0.50  x  10s 
0.75  x  10s 

5. 05 

5.  29 

4.95 

4.88 

i  i 

+  4%’ 

+  7% 

Nevertheless  it  would  be  unwise  to  expect  a  result  to  better  accuracy  than  5%  f.em  such 
experiments,  whatever  care  were  taken. 
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NOTATION 


speed  cf  sound 

length  of  corner  fillet  of  octagonal  tunnel 
aspect  ratio  of  wing  =  2s/c 
breadth  of  tunnel 

hinge  aoaent  parameter  in  Equation  (3.77) 
chord  of  wing 

geometric  aean  chord  cf  wing  =  S/2s 

aerodynaaic  aean  chord  of  wing  in  Equation  (3.60) 

chord  of  control  surface 

root  chord  of  wing 

tip  chord  of  wing 

cross-sectional  area  of  tunnel 

drag  coefficient  =  0/}pU2S 

hinge  aoaent  coefficient 

rolling  aoaent  coefficient  =  E/fX2Ss 

lift  coefficient  =  L/ip0% 

(lift  per  unit  span)/£/?U2c 

pitching  aoaent  coefficient  =  fii/ip02Sc 

(pitching  aoaent  per  unit  spsn)/ip02c2 

yawing  aoaent  coefficient  =  Tl/pU2Ss 

pressure  coefficient 

distance  of  wing  froa  floor  of  tunnel 

drag 

coaplete  elliptic  integral 
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outward  noraal  distance  froa  tunnel  boundary 
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pressure  on  upper  or  lower  surface  of  wing 
strength  of  doublet 


83 


r  radial  distance 

R  radius  of  circular  tunnel 

Rn  Reynolds  number 

s  seal-span  of  wing 

s(x)  local  seai-span  of  wing 

sc  seai-span  of  equivalent  borse-shoe  vortex  in  Equations  (3.41) 

S  area  of  planfora  of  wing 

Sq  functions  (q  =  1,2,3)  in  Equations  (3.18),  (3.19),  (3.26) 

t  thickness  of  wing 

t  seai-span  of  elementary  horse-shoe  vortex 

u  x-coapcnent  of  velocity  perturbation 

0  velocity  of  undisturbed  stream 

v  y-coaponent  of  velocity 

vn  velocity  coaponent  of  iaage  system  in  Figaro  3.1(b)  noma!  to  fillet 

w  z-ccsponent  of  velocity 

Wj  interference  up wash  velocity 

V  weight  factor  in  Equation  (3.55) 

1  upwash  fuuctico  relating  to  horse-shoe  vortex  in  Equation  (3.79) 

WA  upwash  function  in  Equations  (3.96) 

W8  upwash  function  in  Equations  (3.96) 

Wc  upwash  function  in  Equation  (3.97) 

x  streaewise  distance 

x  local  centre  of  pressure 

xQ  distance  of  model  from  entrance  noxzle  of  open -jet  tunnel 

x.  centre  of  lift  defined  below  Equation  (3.80) 


ordinate  of  leading  edge 
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integral  defined  in  Equation  (3.60) 

distance  between  three-quarter- chord  points  of  wing  and  tail  surfaces 

x  in  transformed  plane 

spanwiae  distance  from  centre  of  tunnel 

inboard  end  of  aileron 

outboard  end  of  aileron 

transformed  co-ordinate  =  /3y 

upward  distance  from  centre  of  tunnel 

transformed  co-ordinate  =  0z 

incidence  of  wing  (in  radians  unless  otherwise  stated) 
incidence  of  tailplane 
(1  -  M2)* 

non-dimensional  circulation  =  P/2s0 
circulation 

lift  interference  parameter  in  Equation  (3. 150) 
incremental  upwash  interference  in  Equation  (3.176) 
upwash  interference  at  a  lifting  line 
upwash  interference  associated  with  streamline  curvature 
additional  upwash  interference  downstream  of  wing 
drag  interference  parameter  in  Equation  (3.215) 
upwash  interference  parameter  at  wing 
incidence  interference  parameter  in  Equation  (3.215) 
non-dimensional  correction  to  stream  velocity 
interference  parameter  is  Equations  (3.156) 
interference  parameter  in  Equations  (3.156) 


elliptical  co-ordinates  in  Equation  (3.113) 
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7]q  =  tanh-1(h/b)  for  elliptical  tunnel  (b  >  h) 

$  angular  cylindrical  polar  co-ordinate 

kq  antisynetrical  upwasb  interference  at  a  lifting  line 

effect  of  streaaline  curvature  in  Equation  (3.49) 

A.  pi  an  fora  paraaeter  defined  below  Equation  (3.60) 

A  angle  of  sweepback 

Al  sweepback  of  leading  edge 

ix  plan  form  paraaeter  in  Equation  (3.62) 

g  angle  defined  in  Figure  3. 15 

£  angular  deflection  of  aileron 

p  density  of  undisturbed  stream 

cr  spaa  ratio  =  2s/b 

cre  equivalent  span  ratio  =  2se/b 

$  velocity  potential 

velocity  potential  in  Figure  3. 14(b)  or  3. 14(c) 

$2  increaental  velocity  potential  in  Equation  (3.119) 

X  function  defined  in  Equation  (3.104) 

\fj  angle  defined  in  Figure  3.15 

5  3treaa  function  in  transverse  plane 

u>  coaplex  (y.z)  plane 


Superscripts 

(i) 

closed  tunnel 

(2) 

open  tunnel 

Subscripts 

0.25 

quarter- chord 

0.  5 

aid-chord 
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a.  75  three-quarter-chord 

»  wake  (x  =  oc) 

A  antisyasetrical  part 

s  elliptic  spanwise  loading 

p  free-streaa 

g  ground  effect 

i  induced  by  tunnel  walls 

l  from  antisyaoetrical  loading 

L  fros  syaoetrical  loading 

a  scdel 

n  point  concentration  of  lift 

a  rectangular  tunnel 

s  symetrical  part 

t  tailplane 

T  with  tunnel  constraint 

u  uni fora  spanwise  leading 

r  vortex- induced 

Prefixes 

S  contribution  due  to  wall  interference 

A  increaent  due  to  wall  correction 

C5 

SX'  denotes  that  (a,n)  takes  all  possible  integral  pairs  except  (0,0). 

-CD 

'(prime)  denotes  differentiation  anlese  otherwise  ststed. 
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LIFT  INTERFERENCE  ON  THREE- DIHfcNSIONAL  WINGS 
H.  C.  Garner 


3. 1  INTRODUCTION 


In  Chapter  II  various  aspects  of  lift  interference  on  two-dimensional  models  have 
been  covered.  The  wall  interference  corrections  on  three-dimensional  lifting  models 
are  not  only  more  numerous  and  greater  in  magnitude,  but  they  iovol/s  considerably 
more  geometrical  parameters  to  represent  the  wind  tunnel  and  the  model.  There  is  a 
corresponding  diversity  of  mathematical  techniques,  and  often  the  analysis  demands 
simplifying  assumptions  that  are  unnecessary  in  two-dimensional  flow.  GlEuert’ s 
classic  monograph  (Ref. 3. I;  1933)  illustrates  both  these  points  and  provides  a 
comparative  background  for  most  subsequent  developments. 

The  governing  linearized  equation  for  the  velocity  potential  in  three-dimensional 
steady  ideal  compressible  ilow»  is 


(1  -  M2) 


a2* 

ax1 


a2#  a2^ 

V  +  3z2 


0 


(3.1) 


ic  rectangular  co-ordinates; 

(1  -  H2) 


alternatively,  in  cylindrical  co-ordinates, 

a2#  a2#  13#  j_a^$ 

3x2  3rz  r  3r  r2  3 92 


(3.2) 


It  is  assumed  that  squares  and  products  of  the  component  perturbations  of  a  uniform 
velocity  0  =  Ma  are  negligible  throughout  the  field  of  flow.  The  differential 
Equation  (3. 1)  or  (3. 2)  is  subject  to  outer  conditions 


3#/3n  =  G  at  a  closed  boundary 

3#/3z  =  U  at  an  open  boundary  . 


(3.31 


the  former  is  exact,  but  the  latter  follows  from  the  linearized  approximation  to 
constant  pressure  at  an  undistorted  free  boundary  (Ref. 3.1.  p.3).  More  complicated 
boundary  conditions  are  used  is  cases  of  ventilated  tunnels  (Chapter  VI).  rtisre  are 
in  addition  the  upstream  sad  downstress  conditions  that  the  flow  is  undisturbed  at 
x  =  -co  and  independent  of  x  for  large  positive  values  of  x  . 


The  first-order  effects  of  compressibility  can  be  obtained  from  solutions  of  the 
linearized  differential  Squatios  (3  1}  with  the  aid  of  the  transformation 

X=x,  Y=/cr.  Z  =  £z,  (3.4) 


i  - 
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where  0  -  (1  -M?)‘  .  In  the  new  co-ordinate  system  the  potential  satisfies  Laplace's 
equation  for  incompressible  flow 

32$  32$  32$ 

3X* +  3Y* +SzF  =  °  '  (3*5) 

It  is  convenient  to  regard  the  perturbation  potential  (§-Ux)  as  unchanged  in  the 
transformation.  Then,  by  the  argument  in  Section  2.1.  the  linearized  solution  in 
compressible  flow  is  readily  expressed  in  terms  of  an  equivalent  incompressible  flow 
with  the  geometric  and  aerodynamic  parameters  listed  in  Table  3.1.  That  is  to  say, 
the  equivalent  incompressible  flow  gives  an  up wash  velocity  /3~  or  an  upwash 
angle  $w/C  corresponding  to  a  model  of  chord  c  ,  aspect  ratio  P>K  and  thickness 
,5t  in  a  tunnel  of  breadth  J3b  and  height  /3h  at  an  incidence  /3&  to  a  stress  of 
density  p  and  velocity  D  .  There  are  alternative  methods  of  allowing  for 

compressibility  in  Reference  3.2,  where  the  free-strean  velocity  rather  than  the 
perturbation  velocity  potential  is  kept  invariant.  As  Goldstein  and  Young  point  out. 
the  linear  perturbation  theory  of  compressible  flow  is  not  intended  to  be  applied 
when  shock  waves  are  present,  and  it  must  clearly  fail  in  the  neighbourhood  of  a 
stagnation  point.  Nevertheless,  the  theory  of  wall  interference  only  involves  the 
potential  field  at  appreciable  distances  from  the  model,  and  the  linearized  equations 
eaa  still  be  used  to  satisfy  Equations  (3.3)  at  fairly  high  subsonic  Mach  numbers. 

The  effect  of  compressibility  is  obtained  by  substituting  the  generalized  parameters 
of  Table  3.1  into  any  formulae  or  numerical  data  for  wall  interference  in  low-speed 
tunnels. 


The  classical  approach  due  tc  Prandtl  is  to  regard  the  model  as  a  lifting  line, 
when  the  problem  of  wall  interference  reduces  to  a  solution  of  the  two-dimensional 
Laplace  equation  in  the  transverse  (y,  z)  plane  containing  the  model  (Ref.  3.1,  pp.3to5). 
The  perturbation  potential  in  this  plane  is  exactly  half  that  in  the  distant  wake. 

For  a  given  spsnwise  lift  distribution  and  tunnel  geometry,  the  interference  upwash 
velocity  Wj(y)  along  the  wing  span  can  usually  be  obtained  analytically;  hence  the 
simple  corrections 


Aa  =  S0SCL/C 

acd  =  S0sc*/c 


(3.6) 


to  the  measured  incioence  and  drag  coefficient  of  the  model  are  derived  (Ref.  3.1, 
PP.3  to  11).  The  interference  parameter  SQ  is  a  non-dimensionalized  mean  value  of 
Wj,  weighted  proportionally  to  the  spanwise  lift  distribution  and  given  by 


(3.7) 


Since  the  drag  coefficient  is  determined  by  the  conditions  in  the  distant  wake,  the 
expression  for  ACD  in  Equation  (3.6)  is  usually  regarded  as  exact  according  to 
linearized  theory.  The  corresponding  expression  for  Aa  is  often  too  approximate 
end  underestimates  the  magnitude  of  the  correction. 


-jt'aT,r‘v  .  "’jy’.-t 
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Unless  the  wing  chord  is  sa&ll,  it  is  necessary  to  consider  the  streamwise 


variation  of  .  which  is  interpreted  as  a  curvature  of  the  free  otn 
constraint.  For  wings  of  fairly  s*s)l  span  the  results  of  Section  3.2 
used  and  the  interference  correction  to  incidence  is  approximately 


=  (3 


5n  +  — S 
0  2/Jh 


) 


SC, 


•»  due  to  wall 
.  •  often  be 


(3.8) 


where  c  is  the  aerodynamic  Bean  chord  and  S  x  is  independent  of  Mach  number,  lb  us, 
as  C-othert  renarked  (Ref.  3. 3;  1940),  the  streamline  curvature  correction  is  of  growing 
importance  in  compressible  flow.  A  sore  general  treat* ent  is  necessary  for  swept back 
wings  of  ooderate  span,  which  Bust  be  considered  as  lifting  surfaces.  Many  different 
vortex  representations  of  the  aodel  have  been  suggested  (Section  3.3.1).  For  most 
purposes  it  is  sufficient  to  regard  Wj(x.y)  in  the  plane  of  the  wodel  as  a  linear 
function  of  x  (Section  3.3.2).  Indeed,  with  the  exception  of  interference  effects 
on  long  slender  wings  (Section  3.6.1)  and  tail  planes  (Section  3.6.2).  a  more  detailed 
representation  of  the  aodel  than  appears  practicable  would  be  required  to  justify  a 
precise  evaluation  of  the  streaawise  variation  of  the  interference  up wash. 


There  is  a  miscellany  of  literature  concerning  wall  interference  on  lifting  wings, 
ranging  iron  the  excessively  nuaerical  to  the  excessively  mathematical.  Some  papers 
dGal  exclusively  with  one  particular  tunnel  section  and  rely  on  extensive  tables  cf 
interference  upwesh  and  approxiaate  coaputations;  the  nuaerical  results  are  oily 
useful  for  the  single  tunnel  shape,  and  it  is  often  difficult  to  assess  the  ultimate 
accuracy.  At  the  other  ext r ewe.  it  is  not  always  expedient  to  carry  the  mathematical 
analysis  so  far  that  the  complexity  of  the  resulting  formulae  prohibits  their  use. 

An  attempt  is  aade  in  Section  3.3.2  to  steer  a  middle  course  in  presenting  the  basic 
interference  parameters. 

Broadly  the  cases  to  be  considered  fail  into  four  categories 

(a)  complete  spanwise  symmetry,  e.g. .  a  wing  at  incidence, 

(b)  symmetrical  planfon*  but  asymmetrical  spanwise  loading,  e.g.,  a  wing  with 
deflected  ailerons, 

(c)  asymmetrical  planfora  relative  to  the  tunnel,  e.g.,  a  yawed  wing. 

(d)  special  configurations  to  be  considered  in  Section  3.6. 


Even  with  complete  spanwise  symmetry  there  is  no  unique  procedure  for  converting  the 
tunnel-induced  up wash  distribution  into  corrections  to  the  measured  quantities.  The 
incremental  correction  to  incidence,  such  as  Equation  (3.8),  is  a  somewhat  arbitrary 
average  value  of  Wj/U  radians,  and  the  subtraction  of  the  residual  upwash  field  is 
aade  equivalent  to  incremental  corrections  to  the  aerodynamic  forces.  The  complication 
of  asymmetry  introduces  residual  corrections  to  the  lateral  accents  (Section  3.3.6). 

The  mathematical  theories  leading  to  the  basic  interference  parameters  for  the  various 
types  of  tunnel  section  are  discussed  in  Sections  3.4.1  to  3.4.4,  end  some  available 
sources  of  numerical  data  are  listed  in  Table  3.  IV.  The  final  incremental  corrections 
are  considered  numerically  in  Section  3.5,  and  in  Section  3.5.3  an  atteapt  is  made 
to  assess  the  accuracy  of  alternative  methods  where  comparative  calculations  exist. 
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Experimental  considerations  of  high  lift  and  soae  practical  confirmation  of  sail- 
interference  theory  are  given  in  Section  3.7.  The  former  is  largely  empirical  and 
beyond  the  scops  of  linearized  theoretical  aethods;  the  latter  usually  involves  tests 
in  different  tunnels,  on  different  modeis  or  at  different  or  rather  saall  Reynolds 
numbers  and  lacks  firs  conclusions.  Unfortunately  it  is  no  easy  natter  to  amalgamate 
the  tunnel  corrections  for  wall  interference  and  Reynolds  number.  Sonetines  large 
aodels  or  half  models  are  tested  to  achieve  the  highest  possible  Reynolds  nuaber, 
since  the  uncertainties  of  scale  effect  exceed  those  of  wall  interference.  In  Reference 
3.4,  Bryant  and  the  present  author  have  suggested  a  scheae  whereby  the  estimation  of 
wall  interference  includes  a  correlation  between  experiment  and  an  approximate  wing¬ 
loading  theory  incorporating  sectional  wing  characteristics  dependent  on  Reynolds 
number.  This  ideal  philosophy  envisages  corrections  to  full-scale  conditions  after 
wall  interference  has  been  taken  into  account. 

There  are  many  problems  of  lift  interference,  where  s  mathematical  solution  must 
involve  simplifying  assumptions  regarding  tunnel  cross-section,  wing  thickness  or 
location  of  model.  In  such  cases  the  use  of  an  electrical  analogy  is  worth 
consideration.  In  particular.  Reference  3.5  discusses  the  basic  concepts  of  such 
analogies  and  their  technical  difficulties  in  relation  to  open  wind  tunnels  of  finite 
jet  lengths. 

Attention  is  drawn  to  the  final  Section  3.8  which  serves  as  an  index  to  the  more 
important  equations,  tables  and  figures.  It  is  intended  as  a  preliminary  guide 
firstly  to  the  more  approximate  formulae  and  numerical  data,  and  secondly  to  the  more 
complicated  and  accurate  formulae  for  the  interference  upnsb.  A  third  table  lists 
the  various  expressions  and  results  for  the  interference  corrections  themselves. 


3.2  SMALL  MINGS  IN  CLOSED  AND  OPEN  TUNNELS 

Useful  estimates  of  lift  interference  can  often  be  made  when  the  model  is  assumed 
to  be  small.  The  interference  upwash  at  the  wing  and  the  streamline  curvature  are 
given  respectively  by 


S„  = 


8.  = 


a 

uscL 

/3a  Owj 
oscL  ~3x" 


(3.9) 


Both  parameters  are  readily  evaluated  for  closed  or  open  rectangular  tunnels 
(Section  3.2.2).  For  acre  general  cross-sections  a  method  of  conformal  transformation 
will  usually  determine  Sg  .  when  the  analysis  for  becomes  intractable,  as 
approximate  formula  may  be  used  to  relate  S 1/SQ  to  its  known  value  for  a  rectangular 
tunnel  (Section  3.2.3).  Several  types  of  semi- closed  tunnel  with  mixed  boundary 
conditions  are  also  discussed. 


The  applications  in  Section  3.2.4  axe  restricted  to  wings  of  fairly  small  span;  if 
accuracy  within  ±10%  is  necessary,  then  the  wing  span  should  not  exceed  half  the 
tunnel  breadth  or  half  tbe  tunnel  height.  For  mocy  purposes  the  formulae  and  graphs 


'»■  J- 


■'*& 


*111  give  the  order  of  Magnitude  of  the  Interference  corrections  *ith  a  Minima  of 
effort. 

3.2.1  Method  of  laps 

The  small  *iag  is  represented  as  a  semi-infinite  vortex  pair  trailing  from  the 
origin  of  co-ordinates.  The  doublet  strength  is 


lie  (2Ks)  =  iuSC,  . 


(3. 10) 


and  the  corresponding  velocity  potential  is 


=  ox  + 


tp)  [*  +  (~x2  +  ,8V  +  ’ 


(3. 11) 


where  x  is  in  the  horizontal  direction  of  the  undisturbed  stress,  y  spanvise  and  z 
upwards.  The  boundary  conditions  (3.3)  to  be  satisfied  by  the  potential  $  = 
are  supposedly  independent  of  x  .  Like  §  .  the  interference  potential  is  then  of 
the  font 

=  f(y.z)  +  P(x.y.z)  . 

where  F(x.y.z)  is  an  odd  function  of  x  .  Prom  Prandtl’s  argument  (Kef.  3. 1,  pp.3 
to  5) .  the  solution  for  in  the  plane  x  =  0  is  given  fcy  the  two-diaenslonal 
Laplace  equation 


o2$4  a*®. 


V  3z2 


i  —  r-  . 

r  -  w  . 


by  Equations  (3.3)  with  the  upstream  condition  and  Equation  (3.11)  the  boundary 
conditions  on  are 


=-4 


PS CLZ 

87T(y2  r  z2) 


DSClz 


$  = _ L . . 

1  877(y2  +  z2) 


at  a  closed  boundary 


at  an  open  boundary 


(3. 12) 


where  3/<Sb  denotes  differentiation  along  the  outward  normal  to  solid  portions  of 
the  tunnel  boundary. 

For  special  shapes  and  types  of  tunnel  a  convenient  system  of  images  can  be 
constructed  to  give  the  required  potential  in  the  plane  x  =  0  ,  or  a  good 
approximation  to  it.  Typical  examples  are  illustrated  in  Figure  3.1.  In  the  case  of 
a  closed  circular  tunnel  the  image  system  is  particularly  simple,  but  it  is  necessary 
to  consider  the  wing  as  a  uniformly  loaded  lifting  line  of  finite  span  2s  and  then 
take  the  limit  as  s  —  0  with  the  aid  of  Equation  (3.10).  The  images  for  a  closed 
rectangular  tunnel  are  doubly  infinite  in  somber  and  are  evenly  distributed  over  the 
(y.z)  plane;  as  will  be  seen  in  Section  3.2.2,  image  systems  of  this  type  are  not 
always  valid.  Vhen  image  systems  fail  or  do  not  exist,  special  analytical  treatment 
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is  sought.  Ihe  third  illustration  of  Figure  3.1  represents  an  incremental  image  system 
to  the  previous  one,  to  give  an  approximate  solution  for  an  octagonal  tunnel  obtained 
hy  the  addition  of  isosceles  corner  fillets  (Section  3.2.3). 

In  general,  the  method  of  images  can  only  be  applied  to  the  interference  parameter 
80  in  Equation  (3.9).  For  the  important  class  of  rectangular  tunnels,  however,  the 
images  can  be  regarded  as  semi-infinite  vortex  pairs  trailing  from  the  plane  x  =  0  , 
which  by  symmetry  provide  a  complete  three-dimensional  system  from  which  ,  and 
hence  Sj  ,  can  be  evaluated.  This  is  not  true  of  the  circular  and  octagonal  tunnels. 


3.2.2  lectamgmlar  Tmnaels 

As  early  as  1931,  Tbeodorsen3* 4  studied  different  types  of  rectangular  tunnel  from 
the  standpoint  of  minimizing  lift  interference.  Four  particular  types  of  breadth  b 
and  height  h  , 

(1)  completely  closed  tunnel 

(2)  completely  wen  tunnel 

>  , 

(3)  opes  sides,  closed  floor  Kid  roof 

(4)  closed  sides,  open  floor  and  roof 

will  be  considered.  In  each  case  there  is  &  complete  image  system  comprising  semi¬ 
infinite  doublets  of  strength  *OSCL  and  the  appropriate  sign;  for  a  central  model 
they  are  situated  at  (x.y.z)  =  (O.mb.nh)  where  m  and  n  are  integers.  Thus,  by 
Equation  (3.11).  the  interference  potential  for  a  small  lifting  wing  is 


.  _  yi  _ USCL(z-nh) _  j  _ x _ 

1  ~  87r{(y-mb)s  +  (z-nh)2}  [*  +  {x2  +  /52{y-mb>2  *  ^(z-nb)2}* 


•CD 
®  f 

■here  SIS  denotes  that  (m.n)  takes  all  possible  integral  pairs  except  (0,0). 

-CD 

Following  Glauert  (Ref.  3.1,  Figs.  7  and  8.  pp.21  to  24).  we  take 


.(3.13) 


j 

=  jC»>  = 

(-l)n 

j 

«  JW  = 

(-1)“ 

j 

=  j  (3)  = 

(-l)B+n 

j 

=  Jto  = 

1 

(3. 14) 


respectively  for  the  four  types  of  tunnel,  the  first  of  whi:  is  illustrated  in 
Figure  3.1(b).  From  the  definitions  in  Equations  (3.9)  the  .  .'t- interference 
parameters  at  the  origin  are  obtained  as 
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bh  3$, 
DSCl  Bz 


m2b2-n2h2 


(m2b2  +  n2h2)2 


(3. 15) 
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and 


>Sbh2  3*$j  bh2  <  ir-i;  «2b2  -  a>^>2 
1  ~  DSCl  3z3s  ”  8w  ^ »  (i)  (n2b2  +  n2h2>5/2  * 


(3.16) 


Theodorsen3' 6  derived  expressions  for  the  interference- upwash  parameter  8„  for 
the  four  types  of  rectangular  tunnel.  It  was  later  reaarked  by  Rosenhead  (Ref.  3. 7; 
1933)  that  the  doubly  infinite  aeries  of  Equation  (3. 15)  is  not  absolutely  convergent. 
He  therefore  re-exaained  the  problee  rigorously  and  confined  Theodorsen’ s  result 
for  types  (1).  (2)  and  (3).  but  not  for  type  (4)  having  closed  sides  sad  open  floor 
and  roof.  Van  Schliestett  (Ref.  3. 8;  1934)  attempted  to  verify  Theodorsen’ s  values  of 
SQ  by  experiaental  Beans  and  revealed  serious  discrepancies  for  a  square  tunnel  of 
type  (4);  he  likewise  re-exaained  Theodorsen’ s  work  and  gave  a  third  expression  for 
S<«>  that  differs  froa  those  of  References  3.6  and  3.7,  but  is  consistent  with  his 
experinent.  A  full  theoretical  discussion  of  this  problea  is  given  in  Reference  3.9. 

An  analytical  treatment  in  Fourier  series  and  an  independent  calculation  by  relaxation 
show  that  the  correct  result  for  is  obtained  when  the  saaatioc  (3.15)  is 

carried  out  coluan  by  colunn  (first  with  respect  to  n).  However.  Equations  (3.13) 
and  (3.15)  are  strictly  divergent  in  this  case.  The  inage  systen  fails,  since  the 
velocity  gradient  at  the  tunnel  boundaries  is  satisfied,  but  not  the  upstrean 
condition  for  undisturbed  flow  at  x  =  -c°  .  then  this  last  condition  is  correctly 
applied.  Rosenhead’ a  rigorous  analysis  is  reconciled  with  the  others.  Some  expressions 
for  SQ  are  given  below. 


For  a  ccopletely  closed  rectangular  tunnel 

CD 


s  =  s<‘>  =  - - - 

0  0  24b  b  "  e2wnb/b  +  j  * 


For  a  completely  open  rectangular  tunnel 
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For  open  sides,  closed  floor  and  roof 

77h  77 h 


=  S<3>  = 


77h  Trn  2n  -  1 

~  48b  +  2b  e<2#‘l>wh/b  +  1  ' 


For  closed  sides,  open  floor  and  roof 

1  7Tb  77h 
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(3.17) 
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Ia  Reference  3.9.  Rosenhead*s  discrepancy  in  8*'*  was  resolved  by  the  super¬ 
position  of  »  uni  for*  upwaeh  velocity  to  restore  undisturbed  flow  at  x  =  **»  without 
violating  the  conditions  (3.3).  The  streaal ice- curvature  paraaeter  S  x  in  Zquation 
(3.16)  is  unaffected  thereby;  aoreovers  this  doubly  infinite  series  is  seen  to  be 
absolutely  convergent.  To  evaluate  the  series,  we  write 


8.  = 


8rrb* 


30  CP 

+sZ 

■*x  '■  /  n°t 


%  =£- SO 


a2  -  2(nh/b) 2 
(i)  [a2+  (nh/b)2]5/2 


and  consider  the  suBaations  in  curly  brackets.  It  can  be  shown  that 


-2k2 


X2>5/: 


tends  aayeptotically  to  -  —  whin  X  is  large. 


*e  therefore  pet 

Sx(X) 


«  a2  -  2X2 
2  (»2  +  X*)*7* 


=  -  16*2  ^  p2Ka(2rrpX)  -  —  ^  pKx(27rpX)* 

p*l  p*J 

which  behave*  like  -*^2X"«e'2ff^  for  large  X  .  Next  we  consider 


(3. 18) 


,  wr~*  M  a*  —  2X2 
S,(X)  =  >  (-1)*  — — — T 
2  (a2  +  k*) 5/2 


=  -  S,(\)  +  iSjfiX) . 


(3. 19) 


which  is  identified  with  the  derivative  coefficient  f?(X)  of  the  function  in 
Equation  (Aft)  of  the  Appendix  to  Reference  3.10.  When  the  appropriate  values  of  j 
are  substituted  from  Equations  (3.14),  S1  is  obtained  as  follows. 

For  completely  closed  rectangular  tunnels 

For  completely  open  rectangular  tunnels 


s  =  S<‘>  =-5lf  V  +  V 1 1^1 


(3.20) 


*  The  fraction*  gQ  aad  Kt  arc  defined  aad  tabulated  in  “A  Treatise  on  the  Theory  of  Bessel 
Functions’*  It  6.N.Batscn  (Csabridge  University  Frets). 


For  open  sides,  closed  floor  and  roof 

h2 


S  =  SO)  = 
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For  closed  sides,  open  floor  and  roof 
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GjOrfj/b)  fro*  Equation  (?.18)  is  evaluated  in  TVb’e  3.11  and  S2(nh/b)  ,  given  by 
Equation  (3.19),  is  identically  f'(nh/b)  fro*  fable  AI  of  Reference  3.10. 

Glanert  (Ref.  3.1.  pp.23  and  24)  records  nusero-js  relationships  between  Sp)  , 

.  S(3>  ana  Sj*1  regarded  as  functions  of  h/b  .  the  »o*t  iaportant  of  which  is 

8(,}(fc/b)  +  8<2>(b/h)  =  0  ;  (3,21) 

owing  to  the  correction  to  RosenheaiFs  work.  Equation  (9.06)  of  Reference  3.1 
be cooes  in  the  present  notation 


5(*)(h/b)  +  S(*)(t/h)  -  -0,25 


(3.22) 


with  the  corollary  that  5*a)  =  -0.125  for  a  square  tunnel.  The  following 
relationships  between  &{l)  ,  S*21  ,  ?(3)  and  c[a>  are  deduced  froa  superposition 
of  the  iaage  systeas: 


Sf^di/b)  +  c^flj/b)  ~  S<1>(ih/f>)  1 


8(l)(h/b)  +  S^fh/b) 
S(2>(h/b)  +  §(3)(h/b) 

8{2)(b/b)  -r  8(a>(h/b) 


iS(’>(2h/b) 

i3(2>(2h/b> 

S^Ofc/b) 


(3.23) 


Special  interest  attaches  to  rectangular  tunnels  of  types  (2)  and  (4)  in  Chapter  VI. 
The  completely  open  tunnel  is  a  Halting  case  of  a  tunnel  with  longitudinal  slots 
cn  all  four  walls  (Section  6.5.4):  siailariy.  type  (4)  is  a  Uniting  case  of 
rectangular  tunnels  with  slotted  floor  and  roof  (Section  6.5.3).  Figure  3.2  gives 
all  the  lift  interference  parameters  of  Equations  (3.17)  and  (3.20)  for  the  range  of 
tunnel  shape  0.5  <  b/h  <  2.0  . 
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It,  however,  a  lifting  aodel  is  displaced  vertically  frow  the  centre  of  the  tunnel, 
there  arise  both  streaawise  and  upward  interference  velocities.  For  a  completely 
closed  tunnel  with  the  aodel  (end  origin  of  co-ordinates)  at  a  distance  d  from  the 
floor,  the  interference  potential  corresponding  to  Equation  (3.13)  is 
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8rr{(y 


rcsttt-a  L  .  _ * _ 1 
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(a.n)  except  (0,9)  J 
airs  (a.n)  j 


where  j  =  +1  with  £  =  2nh  and  all  integral  pairs 

j  =  -1  with  £  =  2(nh  -d)  and  all  integral  pairs 

Then  the  upvasb  and  stream-velocity  interference  at  the  aodel  are  respectively 
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where  in  the  latter  equation  the  terms  involving  j  =  +1  cancel.  Since 
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Similarly  to  Equation  (3.18),  we  put 
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It  then  follows  froa  the  second  of  Equations  (3.24)  that 
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(3.24) 


(3.25) 


(3.26) 


(3.27) 
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Equations  (3.25)  and  (3.27)  with  (3.26)  have  been  evaluated  for  b/h  =  0.5,  1.0  and 
2.0,  and  both  interference  parameters  are  plotted  against  d/h  in  Figure  3.3.  For 
example,  if  b/h  =  2.0  and  the  model  is  displaced  from  the  central  position 
d  =  0.5h  to  d  =  0.625k  ,  then  the  upwash  interference  is  increased  by  24%.  The 
corresponding  contribution  to  the  stream  velocity  at  the  model  is  given  hy 


So 

0 


e 


0.095 


El 

Pc 


which  could  exceed  the  sol id- blockage  factor  (Section  5.2.3). 


3.2.3  Noo-Rectaagular  Tunnels 

Many  closed  working  sections  are  of  basic  rectangular  shape,  but  have  triangular 
corner  fillets.  Batchelor  (Ref.  3. 11;  1944)  devised  an  image  system  to  obtain  S0 
when  the  fillets  are  isosceles.  As  illustrated  in  Figure  3.1(c),  the  fillets  and 
their  images  form  a  doubly  infinite  array  of  squares.  To  the  inage  system  for  a 
closed  rectangular  tunnel  in  Figure  3.1(b)  can  be  added  an  appropriate  distribution 
of  vorticity  round  the  perineter  of  each  square,  so  as  to  cancel  the  normal  velocity 
across  the  fillets  and  preserve  the  other  boundaries  as  streamlines.  Batchelor*  s 
method  provides  a  good  approximation  to  this,  and  his  formulae  for  a  particular 
tunnel  have  been  generalized  in  Reference  3. 12.  By  a  conformal  transformation, 

Gent  (Ref.  3. 13;  1944)  obtains  8Q  exactly  for  a  closed  tunnel  of  regular  octagonal 
section.  These  theories  are  outlined  in  more  detail  in  Section  3.4.2,  where  wings 
of  finite  span  are  considered.  The  interference  upwash  is  increased  by  the  presence 
of  the  fillets,  but  the  increment  is  only  about  half  that  which  would  arise  if  Wj 
were  inversely  proportional  to  the  cross-sectional  area  C  The  parameter  80 
of  Equation  (3.9)  is  therefore  reduced  by  the  fillets.  An  approximate  formula, 
suggested  in  Appendix  IX  of  Reference  3.4,  gives 
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5o) 


bh  4  C 
2bh  ’ 


(3.28) 


where  8£l*  is  the  value  for  a  closed  rectangular  tunnel  in  the  first  of 
Equations  (3.17).  The  results  of  References  3.11  to  3.13  irdicate  the  likely 
accuracy  of  this  formula  as  follows. 


Tunnel 

C 

bh 

Theory 

8<0 

0 

Equation  (3.28) 

Ref. 

So 

9x7  (Melbourne) 

0.9028 

3.11 

0. 1138 

0. 1204 

0.1145 

9x7  (HPL) 

0.9048 

3.12 

0. 1140 

0.1204 

0. 1147 

13  x  9  (HPL) 

0.8932 

3. 12 

0.1125 

0.1191 

0.1127 

Regular  octagon 

0.8284 

3.13 

0.1262 

0. 1368 

0.1251 

The  uncertainty  in  the  decrement  (S^1*  -  SQ)  is  of  the  c."der  ±10%.  but  SQ  itself  is 
within  ±1%.  Shea  the  corner  fillets  are  scalene,  the  squares  of  Figure  3.1(c)  become 
rhombuses  and  Batchelor’s  approach  is  found  to  be  less  satisfactory.  In  such  cases 
Equation  (3.28)  may  continue  to  be  a  useful  guide. 


Conformal  transformations  from  the  (y,z)  plans  can  simplify  the  boundary  conditions 
(3.12)  and  in  effect  reduce  the  problem  of  evaluating  Sc  to  one  having  a  simple 
image  system.  Examples  are  the  Schwarz-Cbristoffel  theorem  whereby  Gent3' 13  transforms 
the  interior  of  the  regular  octagon  into  a  half  plane,  the  bipolar  co-ordinates  whereby 
Rondo3' Investigates  tunnels  with  boundaries  of  circular  arcs,  and  the  simple 
transformation  whereby  Glauert  (Ref.  3.1,  p.32)  relates  elliptical  and  rectangular 
boundaries. 


In  this  last  instance  SQ  for  closed  or  open  elliptical  tunnels  is  reduced  to 
double  s tarnations  similar  to  Equation  (3.15).  In  the  present  notation  Glauert  gives 
for  a  small  wing  in  a  closed  elliptical  tunnel 
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(3.29) 


where  b/h  =  coth  6  ^  1  ;  numerical  values  of  SQ  due  to  Sanuki  are  published  in  the 
Appendix  to  Reference  3. 14.  When  the  wing  span  lies  along  the  minor  axis  of  the  ellipse, 
there  are  corresponding  expressions  from  Equations  (10. OS)  of  Reference  3.1; 
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(3.30 


where  b/h  ~  t.anh  9  <  1  .  “The  second  of  Equations  (3.29)  or  (3.30)  is  rapidly 
convergent,  unless  the  ellipse  approaches  very  closely  to  a  circle.  In  the  limit 
as  9  —  oo  t  the  first  of  Equations  (3.29)  or  (3.30)  tends  to  the  result  80  =  0.125 
for  a  closed  circular  tunnel  and  is  consistent  with  the  image  system  cf  Figure  3.1(a). 
Results  for  open  elliptical  tunnels  follow  from  Glauert' s  interference  theorem;  as 
expressed  in  Equation  (3.21).  80  has  the  same  magnitude,  but  opposite  sign,  as  that 
In  a  closed  elliptical  tunnel  of  height  b  and  breadth  b  . 


To  the  accuracy  envisaged  in  Section  3. 2. 1  for  fairly  small  models,  it  is 
considered  satisfactory  to  assume  that  the  ratio  of  /SSwj/^x  to  Wj//C  is  the  same 
as  for  a  rectangular  tunnel  of  the  same  breadth  to  height  ratio,  completely  closed 
or  completely  open  as  the  case  may  be.  Thus  we  approximate  tc  8j  by  the  formula 
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(3.31) 


where  ,  S*2^  .  S*1'  .  S*2}  are  given  in  Equations  (3.17)  and  (3.20).  The 

ratios  Sf1*^*1*  and  Sj2VS*2^  are  plotted  against  b/h  in  Figure  3.4.  The 
values  Sj  =  0.248  and  -0.209  so  obtained  for  closed  and  open  circular  tunnels  are 
acceptably  close  to  the  respective  exact  values  Sj  =  0.2497  and  -0.1992  computed 
from  Equations  (3.136)  and  (3.137)  of  Section  3.4.3  and  shown  in  Figure  3.5.  The  lift 
interference  parameters  SQ  and  S  t  for  closed  and  open  elliptical  tunnels  can  thus 
be  calculated  froa  Equations  43. 29)  to  (3.31)  and  are  given  in  Figure  3.5  for  the 
range  of  shape  0. 5  <  b/h  <  2.0  .  Equations  (3.28)  and  (3.31)  combine  to  provide  a 
rough  formula  / 
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(3.32) 


for  snail  wings  in  closed  octagonal  tunnels,  Sj1*  being  given  by  the  full  curve 
against  b/h  in  the  lower  panel  of  Figure  3.2. 


Generally  speaking,  the  problem  of  lift  interference  in  wind  tunnels  having  partly 
closed  and  partly  open  boundaries  is  sore  complex.  Tunnels  with  slotted  walls 
(Chapter  VI)  and  open- jet  tunnels  of  finite  length  are  cases  in  point.  The  latter 
problem  is  considered  in  Part  III  of  Reference  3.5  by  Eisenstadt,  who  gives  a  solution 
for  a  circular  tunnel  involving  expansions  in  Bessel  functions.  In  this  particular 
problem  the  linearized  condition  in  Equation  (3.3)  for  constant  pressure  on  the  open 
boundary  must  in  general  be  replaced  by 

d$/3x  =  U  +  u  (u  t  0), 

to  achieve  continuity  of  velocity  at  the  lip  of  the  closed  entrance  nozzle.  However 
u  =  G  in  the  special  case  of  a  small  model  situated  on  the  axis  of  the  tunnel,  and 
numerical  results  are  obtained  by  satisfying  the  boundary  condition  at  te-  points 
along  the  free  surface.  The  distribution  of  interference  upwash  along  ti  unnel  axis 
is  reproduced  in  Figure  3.6  for  a  jet  length  I  =  3R  with  the  wing  at  various 
distances  x0  downstream  of  the  entrance  nozzle,  the  broken  portion  of  each  curve 
corresponding  to  the  extent  of  the  open  boundary.  Provided  R  S  xQ  <  (l  - R)  ,  the 
corrections  at  the  model  (x  =  0)  are  essentially  these  for  an  infinitely  long  open 
jet,  but  the  streamline-curvature  parameter  may  only  apply  over  a  restricted 
axial  distance.  As  xc  decreases  below  P.  ,  the  upwasb-interference  parameter  SQ 
changes  rapidly  towards  the  average  (zero  in  this  case)  of  that  for  an  open  tunnel 
and  that  for  a  closed  tunnel.  The  greatest  streamline  curvature  occurs  in  the  region 
of  the  collector  x  =  (l-xQ)  . 


For  tunnels  of  iufinite  length,  Rondo3* lB  has  obtained  exact  values  of  $0  in 
two  particular  cases  of  mixed  boundaries,  namely  semi-closed  tunnels  of  circular  and 
arcb-shaped  sections.  Rondo’s  examples  serve  to  illustrate  an  interesting  general 
theorem  proposed  by  Glauert3* 7: 

"The  interference  on  a  very  small  aerofoil  In  a  tunnel,  whose  boundaries 
are  partly  rigid  walls  and  partly  free  surfaces*  is  of  the  same  magnitude. 
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but  opposite  in  sign,  as  that  on  the  same  aerofoil  rotated  through  a  right 
angle  in  a  tunnel  of  the  same  shape  as  the  previous  one  but  where  rigid  walls 
replace  free  surfaces,  and  free  surfaces  replace  rigid  walls.” 


Glauert  has  proved  a  corresponding  theorem  for  completely  open  tunnels,  of  which 
Equation  (3.21)  is  a  special  ease.  In  the  notation  of  Section  3.2.2,  consequences  of 
tt*  general  theorem  are  that 

8<3)(h/b)  +  8<3)(b/h)  =  0 

S<*>(li/b)  +  S^Cb/h)  =  0 

the  former  is  true,  but  the  latter  conflicts  with  Equation  (3.22)  and  is  false.  The 
present  author3* 1S  has  recently  proved  the  theorem  for  a  wing  arbitrarily  placed  in 
any  tunnel  having  one  closed  portion  and  one  open  portion,  as  is  true  of  Xondo's 
examples;  apart  from  an  additive  constant,  the  interference  velocity  potential  of  the 
first  half  of  the  theorem  can  be  identified  with  the  interference  stream  function  of 
the  second  half.  With  the  exception  of  rectangular  tunnels  of  type  (3)  having  open 
side-walls  and  closed  floor  and  roof,  the  prcof  cannot  be  extended  to  tunnels  whose 
boundaries  consist  of  two  closed  and  two  open  portions. 


I 

I 


3.2.4  Applications 

The  values  of  SQ  and  Sx  .  discussed  in  Sections  3.2.2  snd  3.2.3,  will  often 
suffice  foi  the  purpose  of  rapid  estimates  of  tunnel  wall  interference.  Equations  (3.6) 
give  the  corrections  to  the  measured  incidence  and  drag  of  a  small  model-  Although 
streamline  curvature  does  not  normally  influence  the  latter  correction,  it  does  introduce 
a  variation  in  the  interference  upwash 


Zi  =  (i  +  JLs  )  3: 
o  #i  y  c 


(3.33) 


along  the  centre  line  of  a  wing.  The  first  term  of  Equation  (3.33)  is  equivalent  to 
a  lift  coefficient 
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the  second  term  contributes  an  increment  in  lift  coefficient 
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acting  at  some  position  x  =  Xj 
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where  A.  and  x,  are  to  be  determined. 

The  correction  Aa  is  a  soeewhat  arbitrary  average  value  of  Wj/U 
planfora.  We  may  simply  take 


over  the 
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where  Ca  is  referred  to  aa  axis  through  the  nacorrected  centre  of  lift.  But  it  is 
often  sore  convenient  to  choose  Aa  such  that  there  is  no  residual  correction  to  lift. 
If 
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A  .  „  Xc  \  SC, 

Aa  -  (S  +— r-Sj — k 
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(3.35) 


then  the  residual  interference  upwash  (Wj/D)  -Aa  gives  rise  to  increments  in  lift 
coefficient 

3c. 

(SC.)  -  Aa  — —  =  -(SC.)  acting  at  x  =  G 
c  3a  “  1 
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„  XcS  sc,  Be, 

(Scl)  =  ~  acting  at  x  =  x 
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Together  these  give  zero  lift,  but  a  pure  couple  or  pitching  moment  coefficient 

<*Vt 


which  has  to  be  subtracted  fro*  the  eeasured  Ca  to  give  a  residual  correction 


Ac_ 
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(3.36) 


independent  of  pitching  axis.  As  in  the  second  of  Equations  (3.6)  the  correction  to 
the  drag  coefficient  is 


AC 


D 


(3.37) 


Any  residual  correction  to  spanwise  loading  would  involve  a  correction  to  drag,  bat 
this  is  usually  ignored. 

It  is  ssaetiaes  suggested,  hr  analogy  with  two-di»ensional  models,  that  X  =  1 
end  Xj  =  (l/8)c  .  then  the  wing  is  regarded  as  a  tbree-diisensieral  lifting  surface, 
both  X  and  x,  usually  take  larger  values.  Cn  the  approximate  basis  of  strip 
theory,  Jn  which  each  streaawice  section  of  a  wing  is  treated  as  if  the  flow  were 
two-dlsensioaal. 
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(3.38) 


where  A  =  2s/c  is  the  sspect  ratio  of  the  wing  and  A0_  5  is  its  aidchord  sweepback 
(assumed  constant).  Thus  Xxt  aould  vary  froa  (1/S)c  for  rectangular  wings  and  (l/3)c 
fox*  delta  wings  to  larger  values  for  soee  wings  with  sweptback  trailing  edges.  The 
interference  corrections  resulting  froa  Equations  (3.35)  to  (3. 38)  are 

Aa  = 


ACd  = 


where  c  is  given  in  Equation  (3.38);  tbe  terms  involving  Sx  are  approximate.  the 
values  of  X  and  xx  fro*  Equations  (3.38)  being  poor  substitutes  for  values  fro* 
lifting-surface  theory. 

Typical  theoretical  values  of  X  and  Xxt/c  are  compared  with  the  corresponding 
values  fro*  Equations  (3.38)  in  Table  3. III.  Apart  fro*  rectangular  wings  and  sowe 
slender  wings,  c/c  lies  within  16*  of  the  appropriate  theoretical  value  of  X  . 

The  accuracy  of  strip  theory  for  various  pJ  •informs  is  illustrated  for  a  range  of 
leading-edge  sweepback  in  Figure  3.7.  which  suggests  that  c/c  is  likely  to 
overestimate  or  underestimate  X  according  as  A  tan  \  is  greater  or  less  than 
about  3.  Table  3. Ill  shows  the  unreliability  of  the  Equation  (3.38)  for  Xxj/c  ; 
typically  It  Is  low  by  a  factor  of  order  2  for  wings  without  trailing-edge  sweepback. 
whatever  the  taper  parameter  Cj/c  ,  but  rather  too  large  for  wings  of  high  trailing- 
edge  sweepback.  Whilst  the  residual  correction  Aca  is  usually  fairly  small,  it 
seems  difficult  to  estimate  without  recourse  to  lifting-surface  theory.  Nevertheless, 
Table  3. Ill  gives  sowe  guidance  for  uniformly  tapered  wings. 

The  interference  up wash  at  tbe  tail  of  a  complete  aircraft  model  may  be  estimated 
from  Equation  (3.33).  This  early  application  was  wade  by  Glauert  and  Hartshorn 
(Ref.  3. 16;  1924);  after  a  correction  Aa  13  made  to  incidence,  there  remains  a 
residual  correction  to  tailsetting 

z*S,  SC, 

Aov  =  -|-i  —  .  (3.40) 

x  ySh  C 

where  xfc  is  approximately  the  distance  between  the  centroids  of  tbe  wing  and  tail 
surfaces.  This  will  often  be  quite  large  and  rather  inaccurate.  For  example,  in  a 
closed  circular  tunnel  with  xfc  =  R  and  yS  =  1  .  Equation  (3.40)  gives 


tmt 
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as  collared  with  the  correct  value  0.099  from  the  full  curve  of  Figure  3.6. 

In  practice  the  fontulae  (3.39)  and  (3.40)  say  be  of  sore  use  is  open  than  in 
closed  tunnels,  since  it  is  inadvisable  to  test  large  aodels  in  open  tunnels.  The 
free  boundaries  of  the  jet  will  distort  and  spillage  say  occur  at  the  collector 
dosnstrea®  of  the  aodel  (Section  2.5.4);  for  such  reasons  the  sore  accurate  inter¬ 
ference  corrections  for  large  aodels  be case  unreliable.  In  closed  tunnels,  however, 
the  aore  accurate  interference  corrections  will  often  be  reliable  and  yet  differ 
appreciably  froa  those  for  saall  aodels  on  account  of  either  large  span  or  large  chord. 
Present  formulae  for  SQ  will  give  accuracy  within  about  10%.  provided  that  the  wing 
span  does  not  exceed  half  the  tunnel  height  or  breadth,  i.e. ,  a  <  ih/b  end  <r  <  *  . 
These  conditions  will  often  be  satisfied  for  slender  aodels,  when  the  chord  length 
be  coses  *.  siting  factor.  However,  Equation  (3.33)  is  a  useful  approximation  to  the 

aore  exact  analysis  considered  in  Section  3.6.1. 

Half -aodels  ao unted  on  the  side-wall  of  a  tunnel  are  treated  as  coaplete  wings  in  a 
tunnel  of  twice  the  area  with  the  side- well  as  reflection  plane  (Section  3.4.4).  In 
view  of  the  great  difficulty  in  obtaining  for  non- rectangular  configurations, 
it  aay  be  expedient  to  use  the  staple  formula  of  Equation  (3.31)  in  conjunction  with  a 
aean  value  of  SQ  appropriate  to  the  span  of  the  aodel.  The  corrections  to  measured 
quantities  Ip  either  Equations  (3.34)  or  Equations  (3.35)  to  (3.39)  aay  then  suffice. 


3.3  GENERAL  THEORY  OF  LT.FT  INTERFERENCE 

In  general  the  formulations  of  Section  3.2  will  be  too  approximate,  then  the  wing 
is  large,  there  are  aany  different  approaches  to  the  evaluation  of  interference  upwash 
depending  aainly  on  the  representation  of  the  aodel  (Section  3.3.1).  The  choice  of 
vortex  aodel  will  be  influenced  by  aspect  ratio,  sweepback  and  yaw  of  the  wing,  the 
syaaetry  or  asynetry  of  its  spaawise  lift  distribution  and  by  the  availability  of 
tabulated  interference  paraaeters  for  any  particular  tunnel  (Section  3.4). 

In  Section  3.3.2,  the  interference  paraaeters  are  defined  for  different  basic  types 
of  aodel.  irrespective  of  tunnel  cross-section.  General  expressions  for  the  distribution 
of  interference  upwash  are  then  derived.  The  procedures  for  converting  such  distri¬ 
butions  into  corrections  to  measured  quantities  are  far  free  standardized.  Section 

3.3.3  si* arizes  the  general  approach  to  this  problem.  The  various  cases  are  then 
classified  according  to  tbe  degree  of  syaaetry  about  the  centre  line.  Sections  3.3.4 
to  3.3.6  suaarize  approximate  formulae  for  the  finai  lift  interference  corrections 
relating  to  complete  and  half-wing  aodels. 

3.3.1  Representation  oZ  Model 

la  problems  of  two-diaensionai  lift  interference  it  aay  occasionally  be  desirable  to 
represent  the  aodel  precisely  as  a  thin  aerofoil  is  represented  in  classical  theory. 

The  seme  only  remains  true  in  three  dimensions  in  the  case  of  unswept  wings  of  high 
aspect  ratio  to  which  the  classical  lifting-line  theory  applies.  As  illustrated  in 
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Figure  3.8(a),  an  elementary  strip  of  the  win*  (5y)  having  circulation  T  is 
represented  hy  a  trailing  vortex  eleaent  of  strength  ~(dT/dy)Sy .  At  the  other 
extreae,  a  slender  wing  can  be  divided  into  eleaentaiy  strips  (Sx)  supporting  a  lift 
8l  =  (dL/dx)8x >  The  lift  interference  (Section  3.6.1)  is  regarded  as  that  due  to  a 
distribution  of  trailing  vortex  pairs  of  doublet  strength  SU/X  along  the  centre 
line;  Figure  3.8(b)  is  the  generalization  of  the  representation  of  a  saall  wing  in 
Seciloo  3.2.1.  Thus  even  a  slender  wing  is  replaced  fay  a  siapler  vortex  aodel  than 
that  used  in  the  corresponding  free-streaa  theory. 


This  is  still  aore  evident  for  a  general  planfora,  as  a  coaplete  vortex  sheet  is 
needlessly  cospiicated.  It  is  desirable  to  let  the  vortex  aodel  depend  upon  as  sany  of 
the  aerodynamic  characteristics  as  are  aeasored  or  can  be  estinated  easily.  Figure  3.8 
includes  three  typical  representations,  hot  there  is  no  universal  opinion  as  to  ahich 
is  best.  In  Reference  3. 17.  Acua  uses  in  effect  a  lifting  line  through  the  local 
chordaise  centres  of  pressure  with  the  appropriate  trailing  vorticity.  The  same  aodel 
is  used  in  Reference  3.18  for  wings  with  asymmetrical  spanwlse  loading,  but  it  is  then 
desirable  to  split  the  loading  into  its  symmetrical  and  antisyaaetrical  parts,  as 
indicated  in  Figures  3.8(c)  and  (d),  Eisenstadt  (Ref.  3. 19;  1947)  uses  discrete  vortices 
in  the  fora  of  swept  uniformly  loaded  lifting  lines,  while  Katzoff  and  Hannah  (Ref.  3. 20; 
1948)  use  point  concentrations  of  lift,  each  representing  a  portion  of  the  wing.  These 
two  vortex  aoaels.  illustrated  in  Figures  3.8(e)  and  (f),  are  aore  adaptable,  being 
readily  applied  to  yawed  wings. 


It  is  soaetiaes  sufficient  to  replace  a  trailing  vortex  sheet  by  a  single  vortex 
pair.  By  expanding  the  velocity  field  of  the  trailing  vortex  sheet  in  inverse  powers 
of  the  lateral  distance.  Loos  (Ref. 3. 21;  1951)  derives  the  equivalent  seal-span  se 
tad  vortex  strength  K.  ,  such  that 
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To  a  useful  approximation  a  horse- shoe  vortex  of  strength  Ke  and  seai-span  sc 
gives  the  ame  interference  upwash  distribution  as  the  unswept  lifting  line  of 
Figure  3.8(a).  For  elliptic  spanwlse  loading  se/s  =  i/3  .  Since  the  interference 
upwash  has  to  be  averaged  over  the  coaplete  span,  it  a  ay  be  expedient  to  replace  the 
wing  by  a  uniformly  loaded  one  of  seai-span  slightly  greater  than  se  .  In  this 
respect  Swanson  and  Toll  (Ref. 3. 22;  1943)  have  suggested  that  for  their  particular 
application  the  effective  span  ratios  se/s  =  0.93 , 0.88  and  0.83  may  be  used  for 
wings  of  taper  ratios  ct/cr  =  1,  0.5  and  0.25  respectively. 

Certain  types  of  aodel  aay  require  aore  coaplicated  representation.  Consideration 
of  tail-plane  interference  and  wing- body  coabinations  will  be  deferred  until 
Section  3.6.2.  lings  with  deflected  control  surfaces  aay  be  treated  fay  tfee  procedure 
suggested  in  Section  4.5  of  Reference  3.4.  Basically  this  amounts  to  the  super¬ 
position  of  discrete  elements  of  the  type  in  Figure  3.8(e).  The  introduction  of 


control  surfaces  affects  the  loci  of  the  lifting  lines  in  Figures  3.8(c)  and  (d),  but 
otherwise  leaves  scdels  (a)  to  (d)  unchanged.  Model  (f)  night  veil  call  for  greater 
subdivision  of  the  wing,  but  would  serve  for  syanetrical  and  asjMetrical  loading 
alike. 

3.3.2  Basic  Interference  Paraoeters 

In  the  first  place  the  wing  and  its  load  distribution  are  supposed  to  be 
syaaetric&l  about  the  vertical  place  through  the  axis  of  the  tunnel.  The  vortex 
ttodels  of  the  wing  in  Figures  3.8(a)'  and  (c)  can  be  constructed  hr  superposition  of 
synvetrlcally  pieced  horse -shoe  vortices  of  strength  K  and  ceni-span  t  .  The 
interference  upwssh  angle  in  the  plane  of  the  wing  is  then  expressed  as 


■ 

.  4 


(3.42) 


where,  zs  in  Aetna's3*17  theory,  80(y.t)  and  8,(y,t)  are  functions  to  be  determined 
for  a  particular  tunnel  (Section  3.4)  and  terns  involving  the  third  and  higher  powers 
of  x/fih  are  neglected.  Equation^: 42)  is  a  generalization  of  Equation  (3.33)  for 
a  snail  wing;  both  SQ  and  ,J<'”  nay  be  regarded  as  also  dependent  on  any  vertical 
displacenent  of  the  wing  from  the  tunnel  axis. 

The  well  known  theores  of  Prandtl  shows  that,  in  the  Unit  as  x  —  co  ,  Equation 
(3.42)  becones 

w*  4Kt  f  „  . 

i  *  (zs»<1-11>  • 

which  nay  be  calculated  on  a  two-dinensional  basis.  Thus,  if  the  chordwise  extent 


of  the  aodel  is  snail,  as  envisaged  in  Figure  3.8(a), 


nay  be  neglected  and  for 


certain  tunnels  the  expressions  for  w^/D  are  quite  s tuple.  Sanders  and 
Pounder3  *”• 3  *  **  exploit  this  for  closed  rectangular  tunnels  cn  the  basis  of  lifting- 
line  theory.  For  an  untwisted,  uncanbered  wing  at  incidence,  lifting-line  theory 
yields  the  slxple  result  in  Equations  (3.6)  and  (3.7)  with  the  sean  interference 
parameter 


s„ . 

3  I*  J.S\D  sej  dy 


(5.43) 


where  dLp/dy  denotes  the  lift  per  unit  span  in  free  air.  For  a  uniformly  loaded 
wing  it  is  particularly  easy  to  obtain 


<Se)0  =  f  S0(y,s)  d(- ]  . 
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Alternatively  (50)0  ia  given  directly  hy  the  two-dinessional  solution  in  the 


transverse  plane  for  the  interference  stress  function 
since 


corresponding  to 


(3.44) 
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in  practice  s  would  be  replaced  by  ft  reduced  effective  seni-span,  as  discussed  in 
Section  3.3.1.  A  better  approximation  is  to  sssuae  that  the  spanvise  loading  is 
elliptic  over  the  full  span,  when  Equation  (3.43)  be cones 


(8o)E 


where 
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This  has  been  calculated  for  a  wide  range  of  tunnels  (Section  3.4). 


(3.46) 


For  aweptback  wings  of  aoderate  aspect  ratio  the  interference  upwash  due  to  the 
vortex  aodel  of  Figure  3.8(c)  is  readily  expressed  in  tens  of  §0(y.t)  and 
8j(y,t)  .  Following  Reference  3.17,  we  replace  the  elenentary  vortices  hy  a  horse¬ 
shoe  vortex  of  strength  P  and  seni-spaa  (t  +  St)  together  with  one  of  strength  -T 
and  seal -spaa  t  .  Hence 
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where  x  =  x(t)  is  the  curve  through  the  local  centres  of  pressure.  Integration  over 
the  span  of  the  wing  -s  <  t  <  s  gives 


i  _  r 

0  L  DC 


{tSn(y, t)}  +  {t81(y,t)} 


3t 


/3h  3t 


d( —  i  : 

W 


(3.47) 


fcjr  elliptic  spanwise  loading  Equation  (3.47)  beccnes 
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as  obtained  in  Equation  (20)  of  Reference  3.4. 


If  the  aodel  reaains  syanetrically  situated  but  its  spanvise  loading  is 
asyaaetrical,  then  the  load  distribution  can  be  split  into  syvaetrical  and 
aatisyaaetrical  portions  represented  by  the  vortex  models  (c)  and  (d)  of  Figure  3.8. 

In  Reference  3.18  (Garner  and  Acua;  1953),  the  syvaetrical  part  of  the  interference 
is  obtained  in  the  font  of  Equation  (3.47).  In  addition  to  Equation  (3.42)  we  now  define 
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as  the  interference  upwmsh  angle  due  to  a  pair  of  aaywetrically  placed  borae-»fcoe 
vortices,  one  of  strength  -K  and  spaa  -t  <  y  <  0  and  the  other  of  strength  K  and 
span  0  <  y  <  t  .  It  then  follows  that,  corresponding  to  figure  3.8(d). 

w,  f1  4rs|  B  .  x-x(t)  B  .  r  /t\ 

7  =  l  Wr.t>>*  — •  (3M> 

an  antisjaaetrical  function  of  y  in  which  P  and  x(t)  refer  to  the  antiayametricai 
portion  of  the  wing  loading.  This  approach  to  wall  interference  demands  the  tabulation 
of  the  basic  parameters 

a  a  a  a 

—  itS^y.t)}  .  —  —  {t*0(y.t)  ,  ~  (tx^y.t)}  . 


which  can  be  evaluated  feirly  easily  for  rectangular  tunnels  fraction  3.4.1). 
is  so  equivalent  procedure  for  asymmetrically  situated  wings. 


There 


The  more  flexible  method  of  Katzoff  and  Hannah  ip  Reference  3.29  uses  point 
sources  of  lift,  which  are  considered  to  lie  in  the  horizontal  plane  through  the 
centre  line  of  the  tunn&l.  as  indicated  in  *igore  3.8(f),  it  is  necessary  to  segaent 
the  wing  and  to  estimate  the  lift  Ls  and  its  centroid  (x„.y^)  on  each  segment.  The 
total  interference  upwash  is  obtained  as 


H  =  (x~x*  l  £»A 

0  £0zb3  l\Pb  '  b  *  b  y 
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where  b  is  the  breadth  or  some  typical  length  of  the  tunnel  cross-section.  In 
general,  charts  of 


I 
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aust  be  constructed  for  a  series  of  span  wise  locations  of  the  doublet  L^/pD .  for 
rectangular  tunnels,  however,  the  function  fj  can  be  defined  by  two  charts 
independent  of  jj/b  . 

Both  the  foregoing  procedures  for  sweptback  wings  are  economical  as  regards  the 
basic  computations  for  any  particular  tunnel  cross-section.  Both  imply  soate 
knowledge  of  the  lift  distribution;  T  and  x  in  Equation  (3.47)  or  (3.50)  are 
normally  obtained  by  lifting-surface  theory,  while  and  (xH.yH)  in  Equation  (3. 51) 
must  be  estimated  likewise.  The  former  procedure  of  Reference  3.18  neglects  terms 
of  order  [(x-D/yShP  and  is  restricted  to  unyawed  wings.  These  limitations  do  not 
apply  to  that  of  Reference  3.20,  which  suffers  free  the  inaccuracies  of  a  graphical 
method  and  the  poorer  representation  of  the  model.  Between  these  two  extremes  ore  the 
intermediate  schemes  of  References  3.19  and  3.25,  which  apply  to  closed  circular  and 


rectangular  tunnels  rcopectively.  For  each  half  of  the  vortex  codel  of  Figure  3.8(e) 
Bisenstodt  tabulates,  in  the  present  notation. 


as  i  fraction  o£ 


2x  2y  2t 

“  ,  — ■  ,  —  and  cot"l(/S  cot  A)  , 
y8b  b  b 


the  list  parameter  being  the  equivalent  sveepback  angle  of  the  bound  vortex  line 
(Table  3.1).  Swanson's  approach  in  Reference  3.25  is  for  a  particular  sodei,  but  it 
mould  in  gensrftl  involve  the  non-dimensional  interference  upwash  in  teras  of  the  saae 
four  par cee  tors'.  Tacts  *  chesses  are  sore  cuobersowte  then  the  three-para&eter  systea  of 
Equation  (3.51)  or  the  tvo-parameter  system  of  Equation  (3.47).  (hi  the  other  hand 
Katxoff  and  gascch  have  pointed  out  in  Figure  9  of  Reference  3.20,  that  &  series  of 
calculations  for  one  sweec  angle  may  suffice  for  confuting  the  wall  interference  on  a 
aing  of  different  sieep. 


3.3.3  Correctness  to  Measured  Quantities 

*e  first  suppose  that  a  suitable  vortex  model  of  the  wing  say  be  identified  with 
sate  theoretical  approximation  to  the  non-dimensional  wing  loading  Z?(x,  y)  in  the 
free  streac.  The  basic  interference  parameters  then  determine  an  upwash  angle 
Sa(x,7)  frow  which  an  equivalent  incremental  loading  5Z(x,y)  nay  bs  computed 
theoretically;  this  introduces  additions  to  be  superposed  m  the  vortex  model.  The 
procedure  may  then  be  repeated  to  Obtain  the  corresponding  52a  end  S2[  ,  tad  so 
on  until  the  final  theoretical  picture  gives  distributions  of  load  and  interference 
upwash 

U  -  Z„  +  SI  +  8*1  +  ...  1 


-  Ip  +  Si  +  82l  +  . . . 

=  Sa  +  S2a  +  83a  +  . . . 

« 


in  the  tunnel.  For  many  reasons 


will  not  be  identical  to  the  measured  distribution 


l  ,  and  there  will  be  inevitable  discrepancies  between  the  theoretical  coefficients  of 
lift  and  rolling  moment  C,  _  asi  C,_  corresponding  to  lT  and  the  measured  CL 


and  Cj  .  It  becomes  necessary  to  subdivide  iT 


ling  to  lT  and  the  measured  CL 

into  Zg  +  ZA  ,  the  sum  of 

and  to  apply  respective  correction 


symmetrical  and  sntisymmetrical  functions  of  y  .  and  to  apply  respective  correction 
factors  Cj/C,^  an-1  Cj/C,T  to  ls  and  l£  and  the  appropriate  parts  of  *j/D  . 

The  magnitude  of  the  discrspanci.es,  so  removed,  would  be  expected  to  be  as  great  as 
that  of  8Cl  or  8cl  corresponding  to  SZ  .  fhis  would  justify  the  minor 
simplifying  assumption  that  5Z  is  directly  proportional  to  l?  ,  i.e. , 


5Z(x.y)  s  kZ_(x,y)  . 


It  then  follows  that 


ZT  =  Zr(l  +  k  +  k2  *  ...)  =  Z/(I  -  s) 


w./U  =  So(l 


T  *  t  a  T  —  tjy  U  —  m.9 

►  • 

+  k  +  k2  +  ...)  =  W«  -  k) 

* 


The  original  vortex  model,  based  on  tbs  aerodynamics  of  the  free  stream,  will  suffice, 
provided  that  it  is  separated  into  its  symmetrical  and  antisymmetries!  parts  with 


«  *v 


--  t  -vwatffiKsew  -•  —  ~  ~ 


^  • 
t 


109 


adjustable  factors  to  ensure  consistency  with  the  measured  lift  and  rolling  moment 
respectively,  fe  therefore  express 


(3.52) 


For  symmetrically  placed  wings  [(wp^/UCj  will  be  a  symmetrical  function  of  y  and 
[(Wi) j/UCj!  antisymmetrical,  but  is  general  they  will  both  be  asymmetrical.  The 
associated  factors  are  the  measured  lift  and  rolling  moment  coefficients;  the  subscript  T 
can  now  be  emitted  without  ambiguity. 


The  distribution  of  incidence  w^/U  has  to  be  converted  into  corrections  to 
measured  quantities,  both  geometric  and  aerodynamic.  In  principle  there  is  no  difficulty 
in  using  lifting-surface  theory  to  compute  the  aerodynamic  coefficients  2cL  ,  Sc{  and 
8C.  corresponding  to  Wj/U  and  also  the  increments  SCDy  and  ScnT  in  the  vortex- 
induced  drag  and  yawing  moment  coefficients.  Wall  corrections  could  simply  amount  to 
the  subtraction  of  these  interference  quantities  from  those  measured;  for  example,  in 
the  notation  of  Equation  (3.52)  we  could  take 


AC.  =  -SC.  = 


(SC,), 


C,  - 


esc.), 


(3.53) 


I 


where  the  second  term  would  vanish  if  the  wing  were  symmetrically  placed.  An 
arbitrary  correction  nay  be  applied  to  any  measured  geometric  quantity,  in  particular 
a  correction  Aa  to  the  incidence  of  the  model.  It  is  then  necessary  to  calculate 
the  appropriate  free-streim  derivatives  3cL/Ba  ,  Bc,/Ba  and  oC^/da  ,  and,  for 
exawle.  to  add  the  quantity  AoOc./Ba)  to  the  right  hand  side  of  Equation  (3.53). 
It  is  often  convenient  to  choose  Aa  such  that  AcL  =  0  .  Then  Equation  (3.53)  would 


become 


AC. 


‘($CL)L‘ 

(SC.)L‘ 

►  P  4.  < 

Be.  f(8CL),' 

(Sc.),' 

L  ^  J 

bclL  c, 

.  cl 

The  expressions  in  curly  brackets  are  theoretical  quantities  dependent  on  the  vortex 
model,  the  tunnel  cross-section  and  the  wing  planform.  Thus,  like  w{/0  ,  each 
interference  correction  becomes  the  product  or  sum  of  products  of  theoretically  and 
experimentally  determined  quantities. 

Difficulties  arise  when  greater  precision  or,  as  is  more  often  the  case,  rapid 
calculation  is  required.  Reference  3.23  is  an  eminent  example  of  the  former;  in 
effect  Sanders  and  Pounder  shun  the  use  of  Equation  (3.52).  for  their  treatment 
implies  that  the  load  distribution  cannot  be  regarded  as  independent  of  wall  inter¬ 
ference  apart  from  factors  proportional  to  the  measured  CL  and  C,  .  Even  within 
the  fraeework  of  lifting-line  theory  their  analysis  becomes  exceedingly  complicated. 
The  more  common  difficulty  is  that,  because  corrections  are  fairly  small  and 
therefore-  not  required  to  great  accuracy,  the  use  of  lifting-surface  theory  is 
considered  to  be  an  unwarranted  computation.  Section  3.2.4  has  already  illustrated 
the  trouble.  For  a  small  symmetrical  wing  Equation  (3.54)  reduces  to  Equation  (3.36). 
bat  tbe  theoretical  quantities  K  and  xx  must  be  estimated.  Figure  3.7  in 
conjunction  with  strip  theory  can  perhaps  give  X  within  ±10%  and  so  Aa  in 
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Equation  (3.35)  to  a  fair  accuracy.  However,  Table  3. Ill  suggests  tnat  in  the 
absence  of  lifting-surface  theory  the  residual  correction  Acb  .  proportional  to 
Xij  ,  is  liable  to  be  excessively  inaccurate.  In  the  following  Sections  3.3.4  to 
3.3.6  suitable  approximations  are  considered  for  different  types  of  problem  when  the 
wing  is  not  saall. 


3.3.4  Complete  Spanwise  Syaseetry 


For  large  wings  having  complete  spanwise  symmetry  there  are  approximate  methods 
by  which  rapid  interference  corrections  say  be  estimated.  It  is  usual  to  take  A« 
as  a  weighted  mean  of  Wj/U  along  the  three- quarter- chord  line,  such  that  the 
residual  correction  AcL  is  negligible.  Thus 


—  -  P  ( vi\  -  ,fl\ 

J.  W0.,5  w  ' 


where*  from 


Reference  3.26,  Equation  (29), 

* 

“  C*'Lt/C*'L 

Reference  3.17,  Equation  (11), 

K 

2.4  f 

■-|- 

elliptic  loading 

W 

■4-< 

strip  theory 

W 

=  c/c 

2  I 


(3.55) 


The  first  weighting  is  the  spanwise  loading  factor  for  the  wing  at  uniform  incidence; 
charts  of  cCLL/cCL  are  given  in  Figure  6  of  Reference  3.26  for  various  sweep 
angles,  aspect  ratios  and  taper  ratios.  The  second,  equivalent  to  0.6  times  the 
elliptic  weighting  added  to  0.4  times  the  chord  weighting,  can  be  evaluated  when  the 
factor  cCLI/cCL  is  uncertain.  In  many  cases  the  elliptic  weighting  is  accurate 
enough,  and  the  basic  interference  parameter  (S0)E  in  Equation  (3.46)  is  useful. 
The  chord  weighting  from  strip  theory  has  little  to  coamend  it. 


*  R?  application  of  the  reverse-flow  theorem  C.R. Taylor3*70  of  the  Aerodynamics  Department  of 
the  Royal  Aircraft  Establishment  has  pointed  cni  the  precise  result  that 


Aa  - 


ill- 


“a. 


l  dxdy  . 


where  2  is  the  non-diwensional  wing  loading  on  the  reversed  planfora  at  uniform  incidence; 
the  corresponding  spanwise  loading  factor  would  therefore  sees  to  be  an 

appropriate  choice  of  W  in  Equation  (3.55). 


m 

r  The  drag  correction  is  usually  taken  to  ttc  consistent  with  lifting-line  theory  and 
Equations  (3.6)  and  (3.7).  If  (wi/'OCL)co  denotes  the  value  of  w}/UCL  in  the  distant 
wake,  then 


=  A  fVwi 

c2 


2  J0  V  DC, 


CC 


LL 


cC, 


d  - 


(3.56) 
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where  cCLL/cCL  now  represents  the  actual  spanwise  loading  that  would  be  measured  on 
the  wing.  As  in  Equation  (3.37),  a  small  term  from  a  residual  correction  to  spanwise 
loading  is  neglected. 

Since  Acl  =  0  ,  Acb  will  be  a  pure  couple  independent  of  pitching  axis.  In  both 
References  3.26  and  3.17  the  residual  correction  say  be  written  as 


ACa  =  (ACb)1  +  (ACb)2  . 


(3.57) 


where  (ACS).  results  from  the  shift  in  spanwise  centre  of  lift  associated  with  the 
spanwise  variation  of  (Wj/DC^) Q  ,s  ,  and  (ACB)2  arises  from  the  streasline 
curvature.  Alternative  formulae  for  (ACB) .  are  given  in  References  3.26  and  3.17; 
the  former  is  preferred  as  it  avoids  a  calculation  by  lifting-line  theory  and  in 
the  present  notation,  gives  directly 


(AeB)1  _  j7rA2(3ct/Bq)  tan  Ap  2S  f1 


77A  +  23cL/Ba 


l 


uc, 


Aa 

cT 


r0.75 


•<:)•  «*• 
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where  A  is  the  aspect  ratio  and  A„  25  is  the  sweepback  of  the  quarter-chord  line. 
(ACb)2  is  incorrectly  derived  in  Reference  3.17:  with  allowance  for  compressibility 
Equation  (35)  of  Reference  3.26  becomes 


(AC.) 


2 


77  COS  A 


4/l  -  542cosSA 


o.s 


r*  f/  \  /  \  ]/\2  /\ 

_  (jul)  (i)  d(i) 

\UC,  )  Vsc ./  Vc J  \sj 

Jo  j\  *  0.75  \  VO.25J  N  7  X  7 


(3.59) 


where  AQ  s  is  the  half-chord  sweepback. 


Equations  (3.53)  and  (3.59)  are  not  applicable  to  pl&nforas  with  curved  or  cranked 
edges.  In  place  of  Equation  (3.57)  strip  theory  would  give  the  less  accurate 
expression 


Ac*  _  Bcl 


(xL  -  +  |c  -  -ic)  - 


0.7  5 


C  = 


X.  ~ 


id(i 


(3.60) 


It  may  sometimes  be  convenient  to  use  Equation  (3.60)  wi*h  a  correction  factor  based 
on  lifting-surface  theory.  In  the  light  of  Equation  (3.36)  for  a  small  model,  it  may¬ 
be  simple  to  evaluate  the  quantity  a.x,/c  by  both  strip  theory  and  lifting-surface 
theory.  In  general  is  the  lift  coefficient  and  x  =  Xj  is  the  centre  of 

lift  corresponding  to  an  incidence  2i/c  ,  where  x  is  measured  from  the  theoretical 
aerodynamic  centre,  '(bus  s  lifting- surface  solution  for  the  wing  in  steady  pitching 
motion  will  suffice  to  determine  an  accurate  value  of  Kzx/c  .  By  strip  theory 


which  reduces  to  the  second  of  Equations  (3.33)  for  straight-  tapered  wings.  The  ratio 
\x,/c  to  (\Xj/ c)st  may  be  inserted  as  a  correction  factor  on  the  right  hand  side  of 
Equation  (3.60);  typical  values  nay  be  obtained  from  Table  3. III.  The  relative 
accuracy  of  this  method  and  of  Equations  (3.57)  to  (3.59)  is  discussed  in  Section  3.5. 

Other  measured  quantities  may  require  interference  corrections.  Although  control 
surfaces  are  considered  under  asymmetrical  configurations  in  Section  3.3.6.  the 
approximate  residual  correction  to  hinge  moment  in  Equation  (3.77)  also  applies  when 
there  is  spsnwise  symmetry.  To  apply  a  residual  correction  to  surface  pressure,  it 
is  necessary  to  usa  lifting-surface  theory  and  to  replace  CG  hy  Cp  in  Equation 
(3.54).  Reference  3.26  includes  expressions  for  the  interference  corrections  to 
downwash  angle  and  wake  displacement.  Swanson  and  Schuldenfrei3-27  consider  these 
corrections  in  the  presence  of  a  slipstream  behind  a  powered  model. 


3.3.5  Non -Symmetrical  Spanwise  Loading 

We  usxt  consider  symmetrically  placed  wings  with  aatisyrasetrical  spanwise  loading. 
The  case  of  deflected  ailerons  is  treated  approximately  in  Refeiences  3.26  and  3.28. 
Since  Reference  3.28  is  restricted  to  ur>s*ept  winBa.  the  expression  from  Equation  (41) 
of  Reference  3, 26  is  of  greater  generality.  Hence 


where 


Aci  _  vrAn3<x/3tt  f  /V\  w£YA 

C-  2(ttA  +  Ai3Cj/3a)  J  Uc^  ^  s  \sj 

2  +  /k*(0*  +  tan2A0  ..)  4 

^  2  +  /a2C32  t  taa2A0  25)  +  16 


(3.62) 


and  W  is  the  weighting  factor  in  Equation  (3.55)  given  by  charts  in  Figure  6  of 
Reference  3.26.  There  will  be  a  corresponding  correction  to  the  drag  given  by 


It  is  now  Inappropriate  to  apply  a  correction  to  any  measured  geometric  quantity  such 
as  aileron  angle.  In  the  case  of  8  slowly  rolling  wing,  however,  negative 


correction  ACj  can  be  replaced  by  a  positive  correction  to  the  rate  of  roll3'2*. 
Sinilar  considerations  could  apply  to  wings  having  smooth  antisymmetricai  modes  of 
detonation. 

Interference  corrections  for  symmetrically  pieced,  asymmetrically  loaded  wings 
ore  derived  in  Reference  3. 18.  In  place  of  Equation  (3. 52)  we  may  then  write 


s«  =  =  /h>sY  ♦  /hi 

0  l  DCl  j  L  V  ncl 


-  )CI  * 


likewise  the  spaawise  distribution  of  circulation  may  be  written  as 

P  =  2stJy  =  2sB(y_  +  y  )  , 


(5.64) 


(3.65) 


CL  =  2A 


C|  =  A 


(3.66) 


By  the  application  of  lifting-surface  theory  the  synetrical  interference  upwash 
angle  gives  increments  S CL  and  SCa  to  lift  and  pitching  moment,  and  the 

antisymmetrical  part  (wj)  A/0  gives  an  increment  SCj  to  the  rolling  moment 
coefficient.  Hence 


L  (dc ,/Ba)  2A  f  7-  d(y/s) 


C,  3a 


(3.67) 


CT  0 1  c. 

2A  J  ysd(y/s)  1 


A  J  vA(y/s)  d(y/s) 


Itie  second  of  Equations  (3.67)  is  equivalent  to  Equation  (3.54),  since 

(SCL){  =  (SCglj  =  0 

for  symmetrically  placed  wings.  Equations  (S.55),  (3,57)  and  (3.62)  are  working 
approximations  to  Equations  (3.67)  and  are  recommended  whenever  it  is  inexpedient  to 
calculate  the  increments  SCL  .  Scm  and  SCj  by  lifting-surface  theory. 
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Hie  evaluation  of  the  usual  interference  corrections  to  drag  and  jawing  sonent  do 
not  require  calculations  by  lifting-surface  theory,  provided  that  the  distributions  of 
ys  and  yA  can  be  estimated.  Tnese  corrections  are  calculated  on  the  principle*  that 
the  local  lift  per  unit  span  acts  at  right  angles  to  a  local  effective  stream  direction, 
and  that  wall  interference  causes  this  to  deflect  upwards  through  the  angle  i(8a)m  . 
Under  linear  conditions  this  deflection  does  not  influence  the  lift  itself,  but  reduces 
the  drag  per  unit  span  by  an  amount 


7pcr(8a)0  =  jp*J2  S 


© 


(8a)s 


Thus  there  are  increaents 


8c 


nr 


SC. 


nv 


(3.68) 


to  the  vortex- Induced  drag  and  yawing  moment  coefficients.  Ihen  y  and  (8o)m  are 
separated  into  their  symetrical  and  antisyaaetrical  parts.  Equations  (3.68)  become 


SC, 


Dr 


Pi 


SC. 


av 


S  . 


(3.69) 


cCll/4s 


it  is  seen  that  -Sc^  is  equivalent  to  the  sun 


When  y  is  replaced  by 
of  Equations  (3.56)  and  (3.63).  Only  in  the  case  of  yawing  aoaent  do  the  symmetrical 
and  antisyametrical  parts  interact;  the  second  of  Equations  (3.6S)  becomes 


i>C, 


nv  _ 


r%  n 


(3.70) 


where  the  right  hand  side  is  determined  theoretically.  It  can  easily  be  shown  that 
Sc^  and  8CnT  are  unaffected  by  the  application  of  the  interference  correction  Aa 
since  the  reductions  in  magnitude  due  to  the  substitution  [^(Sa)-,  -  As]  for  {(So)® 
in  Equations  (3.68)  exactly  cancel  the  increases  due  to  the  change  of  wind  axes.  But 
the  result  of  residual  corrections  to  the  load  distribution  needs  to  be  considered. 

As  Acl  =  0  .  any  correction  to  ys  will  have  a  negligible  effect  on  vortex- induced 


drag  and  yawing  moment.  The  correction  ACj  implies  a  correction  to  yK  .  which  say 
be  regarded  crudely  a3  a  factor  {l  +  (ACj/Cj)}  ;  this  will  increase  (C^)  A  ,  the 


*  lb  coosideratloo  of  the  total  energy  of  flow  in  the  wake  this  principle  can  he  justified  In 
the  case  of  drag.  Per  yawing  moment,  however,  the  principle  Is  sot  rigorous  and  nnaerical 
valwes  of  the  Interference  correction  see  in  some  (Se^ion  3.5  3). 


t 


“1  J 
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vortex  drag  corresponding  to  the  antisymmetries!  part  of  tie  spanwise  loading,  by  the 
factor  {l  +  (ACj/Cj)}2  and  the  total  Cnv  by  the  factor  {l  +  (ACj/Cj)}  .  The  final 
corrections  are  therefore 

Ac,  1 

=  “ScDp  +  2Ti<CDr>A 


=  -  Sc_ 


(3.71) 


where  Sc^  and  SCnT  are  given  by  Equations  (3.69)  and  (3.70).  The  last  tens  in 
Equations  (3.71)  are  approximate  and  relatively  small  and  can  usually  be  neglected,  as 
in  Equation  (3.63).  A  full  derivation  of  Equations  (3.71)  is  found  in  Reference  3.18. 
but  the  latter  is  given  incorrectly  in  Equation  (8. 13)  of  Reference  3. 18.  The  Magni¬ 
tude  of  the  corrections  is  discussed  in  Section  3.5.1. 

References  3.23,  3.26  and  3.28  also  consider  the  interference  corrections  for 
synaetrically  placed,  asymmetrically  loaded  wings.  The  rigorous  treatment  fay  lifting¬ 
line  theory  in  Reference  3.23  is  beyond  the  scope  of  rapid  cal<'”1ation.  Like 
Reference  3.23,  Graham's3"26  Method  is  restricted  to  lifting-li_-.  theory  and  unswept 
wings  in  closed  rectangular  tunnels,  bat  with  acceptable  approximations  he  derives 
corrections  to  rolling  and  yawing  accent  in  &  practical  form.  For  wings  with  sweepback 
or  large  chord  the  interference  corrections  derived  hy  Si veils  and  Salmi3 * 36  are  practi¬ 
cally  consistent  with  those  of  the  previous  paragraph,  except  that  w^/0  along  the 
quarter-chord  line  replaces  i(Sa>o,  in  the  formulae  concerning  drag  and  yawing  moment. 

3.3.6  Asymmetrically  Placed  Wings 

More  difficult  is  the  case  of  yawed  wings  when  Equation  (3.52)  applies  in  all  its 
generality.  The  walls  also  induce  an  interference  sidewash  unless  the  wing  is  situated 
in  the  horizontal  plane  of  syusetiy,  bat  this  is  usually  ignored.  Provided  that  the 
angle  of  yaw  is  fairly  small,  staple  generalizations  of  Equations  (3.67)  to  (3.71)  are 
possible.  Added  to  Equations  (3.67)  there  will  be  contributions  Aa/Cj  ,  AcyCj  and 
ACj/Cl  ,  which  aay  be  estizated  hy  inserting  the  symmetrica!  part  of  (Wj/OC,)  in  place 
of  (w./CC^)  in  Equations  (3.55),  (3.58)  and  (3.59)  and  also  the  antisymmetries!  part 
of  (mj/0CL)  in  place  of  (w^/DCj)  in  Equation  (3.62).  Both  ACD  and  Acn  will  contain 
contributions  proportional  to  c£  ,  ClCl  and  C2  .  since  (Sa)m  in  Equation  (3.68) 
must  be  written  in  four  parts,  viz. . 
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If,  however,  tbe  angle  of  yaw  is  large,  the  information  cn  lift  distribution  may  be 
so  scanty  that  a  very  staple  vortex  model  will  be  adopted  (Section  3. 3. 1) .  In 
Reference  3. 25,  Swanson  represents  the  yawed  wing  as  a  cumber  of  skewed  horse-shoe 
vortices  corresponding  to  tbe  equivalent  wing  semi-spwn  of  Equation  (3.41)  or  the 
spanwise  extent  of  the  dihedral  or  aileron.  Lengthy,  but  eanageable,  expressions  are 
obtained  for  the  interference  corrections  to  incidence,  drag,  rolling  and  yawing 
moments,  but  it  is  hard  to  assess  their  accuracy  for  a  typical  sweptback  wing.  The 
uncertainty  is  such  that  there  may  be  little  point  in  applying  corrections  to  the 
moment  coefficients  C{  and  CB  .  It  may  suffice  to  calculate  the  interference  upwsah 
angles  (So0O-75  sod  i(Sa)»  .  Then,  in  place  of  Equation  (3.55). 
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Aa 


and  in  place  of  Equations  (3.56).  (3.63)  and  (3.68). 


^Sa)^  dy 


>  . 


RScO^y  dy 


j 


(3.73) 


(3.74) 


where  the  distribution  of  circulation  T  =  T(y)  should  be  consistent  with  the  aeasured 
lift  and  rolling  moment.  the  extreme  alternative  is  to  calculate  the  distribution  of 
8a  =  Wj/o  over  the  yawed  pinafore  and  then  to  apply  the  best  available  theory,  as 
envisaged  in  Section  3.3.3;  this  would  seldom  be  justified. 


Half-wing  or  reflection-plane  models  introduce  further  types  of  interference 
correction.  Ail  corrections  to  be  applied  for  symmetrically  loaded  conditions  are 
precisely  those  for  a  complete  model  mounted  in  a  wind  tunnel  of  the  same  height  as 
the  original  tunnel  and  twice  the  breadth  (Section  3.4.4);  Equations  (3.55)  to  (3.53) 
resain  just  as  valid.  But.  as  discussed  in  Reference  3.22.  there  is  a  second  group  of 
corrections  for  antisyasetrically  loaded  conditions  when  the  reflection  would  not  be 
present  on  a  complete  model.  In  such  cases  there  aay  be  large  corrections  to 


half-wing  rolling  aosent 
half- wing  yawing  aosent 


i/3D2(is)2sC1 

j/502(|s)2sCn 


(3.75) 


where  is  is  the  area  of  the  half-wing  planfora  and  2s  is  the  span  of  the  complete 
wing.  The  corrections  are  determined  in  two  parts.  Firstly,  the  aodel  and  its  reflec¬ 
tion  are  corrected  for  syasetrical  interference  effects  on  the  half  wing.  This  involves 
the  sain  correction  to  incidence  fros  Equation  (3. 55)  and  corrections  to  lateral 
coefficients 


(3.76) 


Apart  fros  the  effects  of  streaaline  curvature,  the  residual  span  vise  loading  is  distri¬ 
buted  along  the  quarter-chord  line  according  to  the  assumptions  of  Reference  3.26.  Since 
the  corresponding  sowent-  on  the  half  wing  about  an  axis  parallel  to  the  quarter- chord 
line  should  vanish.  Equations  (3.58)  and  (3.76)  are  consistent  in  that 


2sAC,  =  -cfAC^cotA^. 


■<rOr»-X( 
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Secondly  and  of  greater  importance,  factors  Independent  of  the  tunnel  croes-sectioo 
cust  be  applied  to  the  quantities  (C-  +  ACj)  and  (C&  +  AC5)  to  account  for  the 
reflection  plane,  and  these  dee and  special  theoretical  calculations.  Simplified 
treatments  are  discussed  in  References  3.4.  3.22  and  3.26. 

Large  half-wing  sodels  are  often  used  to  test  control  surfaces,  for  which  the 
streamline  curvature  is  particularly  significant3**.  In  the  present  notation  the 
approximate  residual  correction  to  hinge  moment  becomes 


where  the  weighting*  tf  is  selected  from  Equation  (3.55),  the  integrals  are  taken 
over  the  span  of  the  control  surface,  cf(y)  is  the  local  control  chord,  and  for 
imbalanced  control  surfaces  B  is  tabulated  below. 


Cj/c 

0 

0. 05 

0.10 

0. 15 

— 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

3 

2.50 

2.46 

2-41 

2.37 

2.33 

2.28 

2.24 

2. 19 

2.15 

_ 

2.10 

2.05 

Values  of  B  for  balanced  control  surfaces  having  set-back  hinges  may  be  evaluated  as 
z  +  ifb'/bj)  from  Table  2  in  Section  4.2  of  Reference  3.4.  Per  antisymmetrically 
loaded  conditions  a  factor  should  be  applied  to  (CH  +  &CH)  to  account  for  the 
reflection  plane.  For  outboard  ailerons  this  will  be  less  .important  than  the  corres¬ 
ponding  factors  for  rolling  and  yawing  aosents.  so  that  an  estimate  by  lifting-line 
theory  may  suffice. 

The  interpretation  of  an  interference  correction  say  need  adjustment  if  the  lift 
or  rolling  moment  is  not  measured.  The  uncertainty  concerns  which  part  of  the  expres¬ 
sion  is  calculated  theoretically  and  which  part  is  determined  experimentally.  For 
exasjple.  Equation  (3.T7)  envisages  that  cn  the  left  hand  side  and  BCg/oci  on  the 
right  hand  side  are  measured,  while  the  integrals  are  predetermined-  If,  however,  only 
the  control  hinge  aoment  is  measured,  it  would  be  necessary  to  multiply  both  sides  of 
the  equation  fay  an  estimated  value  of  CL/CH  :  then  the  ratio  of  6Cy/CB  to  BCj/3a 
is  determined  fay  calculation. 


3.4  EVILTATIDS  W  INTERFERENCE  PARAMETERS 

In  -ardeo- 1®  ssjjSt  the  general  methods  of  Section  3.3,  it  is  necessary  to  obtain 
xnaerinxl  dans,  for  *2te  interference  upvash  w,  due  to  lifting  elements  in  a  particular 
tnmadL-  A  a fide  rggg  of  tunnel  crcss-secticm  has  bees  employed  in  research  centres. 


*  "SqaattcK  (3.73)  xtees  *.  rough  average  value  of  the  expression  in  sqaare  brackets.  Although 
hr  Etnjctaeorr '^ile  vctgfctlAj  5  should  be  replaced  by  the  two-dixensiocal  2Cj/3o.  ic  each 

*  of  bosmdsry  layers  say  override  this  consideration. 


/  the  aost  coaeon  shapes  having  closed  rectangular  boundaries  (Section  3.4.1)  or  closed 
octagonal  boundaries  (Section  3.4.2);  the  latter  are  usually  regarded  as  rectangular 
tunnels  with  nail  comer  fillets.  Much  less  attention  has  been  given  to  open  rect¬ 
angular  tunnels,  as  the  rounded  circular  or  elliptical  shape  is  more  appropriate  for  a 
free  jet;  these  are  considered  as  well  as  closed  circular  and  elliptical  tunnels  in 
Section  3.4.3.  As  in  the  case  of  rectangular  tunnels  (Section  3.2.2),  soee  curved 
shapes  with  sized  boundaries  have  been  devised  to  reduce  or  elisinate  the  theoretical 
lift  interference,  bu*  these  seal- closed  tunnels  are  of  passing  acadeaic  interest, 
find- tunnel  testing  of  half  wodels  wounted  on  a  reflection  plane  is  comoq  practice. 
Although  this  serely  doubles  the  effective  breadth  to  height  ratio  of  rectangular 
tunnels  and  extends  the  practical  upper  lisit  of  h/h  .  in  the  case  of  octagonal  and 
circular  tunnels  Sections  3.4.2  and  3.4.‘3  no  longer  apply;  in  effect,  the  latter  becoee 
bipolar  tunnels  (Section  3.4.4). 

Table  3.  IV  suwwarizes  the  maerical  data  available  for  wings  of  woderate  or  large 
span.  In  aany  cases  the  iafornation  is  limited  to  quantities  such  as  (S0)  .  (5,) 

*nd  S0(y.t)  .  as  defined  in  Equations  (3.44).  (3.46)  and  (3.42),  ehict  are^only  *  * 
sufficient  if  the  wing  can  be  regarded  as  an  Unswept  lifting  line.  A  tick  in  the  final 
coluaa  of  Table  3.  IV  indicates  that  the  streawwiss  variation  of  w  has  been  calculated 

whether  through  the  quantity  $x(y.t)  of  Equation  (3.42)  or  see  *Sre  general  tabalatiou' 
or  graph. 


3.4.1  Sectaagular  Ttetaels 

The  evaluation  of  upwash  interference  on  large  lifting  aodels  in  closed  rectangular 
tunnels  is  basically  straightforward,  since  there  is  a  complete  iwege  syste*  corres¬ 
ponding  to  any  vortex  representation  of  the  wodel.  The  upwash  field  of  a  horse-shoe 
vortex  of  strength  K  surrounding  the  area  x>0.  iy|<t,  z  =  B  is 


W  =  Vx,y.2.t>  =  **t.  z)  -»0 S_1X.  y-t.  z)]  , 


where 


"(ic.y.z)  =  - 


s2  f  z 2 


1  1 
+ 


x2  +  72  y2*z2J  (x2+y2+z?)» 


(3.73) 


(3.79) 


Its  iwage  systea  is  a  siaple  generalization  of  Figure  3.1(b).  so  that  the  interference 
upwsn  is 

o 

K  V  » 

*i  =  +  z-nh)  -WOS-1!.  y-ab-t.  z-nh)3  .  (3.89) 


C 

where,  as  in  Equation  (3.13).  SE'  denotes  that  (s.n)  takes  all  possible  integral 
pairs  except  (9.0). 

If  the  wing  is  of  largo  spaa  2s  but  of  saall  chord,  it  way  suffice  to  put 
x  =  2  5  0  iD  Equation  (3. SO),  so  that  in  the  notation  of  Equation  (3.42) 
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>•*  *C ►**$? 


where 


bo  v  >V^'  _  y-ab  +  t  y  -  mb  -  t 

,(y,t)  =  - >  ^  (-1)“ - z - r-x  +  - ; - r-T 

3  1677t  (y -mb +  t)2  +  n2h*  (y  ~mb-t)2  +  n2h2 


bh  [  1  1  1  b  f 

=  '  I677t[y  — t  ~y+t  I  +  lit  r® 

<-  -*  «=-CJ 


7r(y~ab~t)  7r(y-ab 

coseeh -  -  cosech - 

h  h 


12]  . 


(3.82) 


Hence  the  mean  interference  parameters  (S0)0  and  (oc.)E  for  uniforn  and  elliptic 
spanwise  loading  in  respective  Equations  (3.44)  end  (3.46)  can  be  evaluated.  As  des¬ 
cribed  in  Section  9  of  Reference  3.1,  the  early  literature  has  shown  that  the  results 
can  be  derived  analytically,  via.. 


<8o>»  =  zs? l0! 


e  3in  VO- 


(S0)E  - 


77  h  r~»  n  f  sin  truer? 

b  e?Trab/'b  +  l  \  7 mcr  j 
n=i  \  / 


47?h  n  { J,(7mo-)Y 

n&)  +T  2-  e2,rah/b  +  1\  7JEC7  /  • 


(3.83) 


(3.84) 


where  a  =  2s/b  ;  numerical  values  of  P(cr)  and  {3  t(u  a) /ncr}  2  are  found  in  Tables  4 
and  5  of  Reference  3. 1.  A  good  description  of  the  mathematical  analysis  is  given  by 
Sanders  and  Pounder  in  Section  2. 1  of  Reference  3.23.  They  also  give  useful  graphs  of 
(oo)B  and  (50)E  against  h/b  for  <x  =  0,0. 2, 0.4. 0.6, 0.8  and  0,9;  tbe  latter  is 
given  in  carpet  form  in  Figure  3.9.  Tbe  factor  (S0)E(a)/(S0)K(0)  provides  a  simple 
improvement  on  the  corrections  to  incidence  and  drag  coefficient  for  a  small  wing  in 
Equations  (3.39);  thus 


A  .  t  cS. 
&a  =  (5o)b(o)(1+  — 


(  1  +  - - 

\  2/?hS 


(3.85) 


^d=  (^o)E(°r) 

v» 


where  (Sc)g(a)  is  given  in  Figure  3.9,  5  j/S0  is  given  by  the  upper  curve  of  Figure 

3.4,  and  Figure  3.7  indicates  a  correction  factor  Xc/c  to  the  term  involving  St  . 

It  is  often  necessary  to  calculate  the  parameter  Sj(y,t>  of  Equation  (3.42).  By 
Equation  (3.80)  this  is  readily  expressed  as 


Sx(y,t>  = 


.  f 3»  31  1 

(-l)n!~  (0,  y-ab  +  t.  -nb)  (0,  y-sb-t,  -nh) 


.  (3.86) 
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where 


dW 

~  (0,y,~nh> 

3x 


y(y2  +  2n2h2) 
n2h2(y2  *  n2h2)3/2  * 


the  singularity  fro®  n  =  0  is  illusory,  since  in  the  liait 


3f 

—  (0,  y-ab  +  t, 
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0)  -  —  (0.  y-ab-t,  0) 
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1 

±- 

2 


1 

(y-ab  +  fc>2 


1 

(y-ab-t)2 


according  as  a  is  positive  or  segctive.  The  evaluation  of  for  a  duplex  tunnel 
(b  -  2fa)  aas  acccapllshed  by  Covley  end  KcMillen  (Ref. 3. 30;  1934),  who  tabulated  upwash 
angle  at  the  tail  of  an  elliptical ly  loaded  aodel  without  the  approxiaation  that  9 
is  linear  in  x  .  They  obtained  ihe  equivalent  of 


for  a  range  of  a  =  2s/b  by  expanding  8.(0,t)  in  even  powers  of  t/s  and  neglecting 
contributions  fro*  jaj  >  3  and  froa  jnf  >  5  in  Equation  (3.86).  As  it  stands  the 
double  series  converges  slowly,  but  it  can  be  transformed  into  the  rapidly  convergent 
expression  in  Equation  (3.25)  of  Reference  3.23.  Hence 


Vy,t) 


2J2  ®  «,  2*pt  277py  AwpqjA 


7?  2h 
24  b 


p*=t  q*i 


3277bt 


®  2 

where  f'd  +  7j)  -  y  - -  is  the  Trigaasa  function*  and 

(7?  +  «)2 


(3.87) 


X(7J)  =  K„(7J)  +-X.(tj) 

V 

in  terns  Of  modified  Bessel  functions  of  the  second  kind.  It  can  be  seen  that 
Equation  (3.87)  reduces  to  the  first  of  Equations  (3.20)  es  both  y  and  t  teed  to 
zero.  A  rigorous  derivation  of  the  rapidly  convergent  series  has  been  given  by 
Olver3'35.  who  was  responsible  for  the  tabulation  of  5j(y,  t)  for  b/b  =  1,  9/7,  2, 
18/7  in  Eeference  3. 17. 

then  the  interference  upwash  is  to  be  calculated  froa  Equation  (3. 41)  or  (3.48). 
it  is  convenient  to  tabulate  the  quantities 

3  ,  3 

—  {t80(y,t>}  and  —  (tS^y.t)}  . 

Cfc  vfc 

#  9*  has  been  tabalated  fay  H.f.Bavis  to  Tables  of  the  Higher  MathsMaticcl  Functions,  Volume  II 
(The  Principal  Press  Inc.,  Icdisaa.  C5 A,  1935). 
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It  follows  froa  Equations  (3.82)  and  (3.87)  that  both  quantities  are  even  functions 
af  y  and  t  ;  aoreover,  they  are  unaltered  then  j  and  t  are  interchanged.  The 
diagonal  syssetry  is  illustrated  in  Table  3.V.  where  both  quantities  are  given  for  a 
closed  square  tunnel.  Another  account  of  the  theory  is  giveu  in  Reference  3.18  by  the 
present  author  and  Acua.  It  is  shorn  that 
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(3.90) 


are  found  in  Tables  1.  2  and  3  of  Reference  3. 18.  The  corresponding  interference 
paraseters  fro*  the  antisymetrical  part  of  the  span  wise  loading  are  defined  in 
Equation  (3.49),  viz.. 
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4Kt 
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(y.t) 


Then  the  antiayssetrical  interference  upwash  in  Equation  (3.50)  corresponding  to  the 
vortex  »odel  of  Figure  3.8(d)  involves  toe  paraseters 
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V*x.y.°>  = 

1  47rpU 
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Utis  is  conveniently  written  in  non-dimensional  fora 
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Thus  Wj/U  may  be  evaluated  from  charts  of  the  functions  *.  and  .  The 
former  chart  A  is  illustrated  for  ratios  b/h  =  2/5,  10/7  and  2  respectively  in 
Figures  7(b),  7(c)  and  7(a)  of  Reference  3.20.  The  latter  chart  B  in  Figure  5  of 
Reference  3.20  is  independent  of  tunnel  shape.  Katzoff  and  Hannah  describe  in  detail 
their  graphical  procedure  for  the  computation  of  Wj  on  a  yawed  lifting  wing.  They 
also  give  useful  advice  on  the  calculation  and  preparation  of  charts  with  particular 
reference  to  rectangular  tunnels  with  one  or  more  of  their  sides  open.  Any  such  con¬ 
figuration  can  be  treated  by  means  of  chart  A  dependent  cn  b/h  and  the  floor  and 
roof  condition  and  the  universal  chart  B,  but  there  may  be  changes  of  sign  in 
Equation  (3.95).  "o  expedite  the  calculation  of  chert  A,  a  horizontal  row  of  sufficient.  1; 
distant  image  doublets  (|a|  £  2,  say)  nay  be  replaced  by  a  row  of  horse-shoe  vortices 
of  span  2b  ,  so  that  all  the  trailing  vortices  exc.pt  the  innermost  ones  cancel  in 
pairs;  for  large  enough  n  (|n|  ^  2,  say)  the  upwash  field  from  the  complete  row  of 
doublets  is  approximately  that  of  a  two-dimensional  bound  vortex  extending  fros  y  =  -co 
to  y  =  +cn  ,  as  illustrated  in  Figure  3.10(a).  In  the  case  of  closed  side-walls  and 
open  floor  and  roof  (type  (4)  of  Section  3.2.2),  when  all  tie  images  are  of  the  sene 
sign,  Katzoff  and  Hannah  suggest  that,  instead  of  being  extended  hori-octally,  the 
distant  image  doublets  are  extended  vertically  into  a  source  line  and  a  sink  line  at  a 
distance  h  apart.  The  source  and  sink  lines  in  any  column  cancel  in  pairs,  and  only 
those  at  a  distance  ih  above  or  below  the  inner  group  of  doublets  (jm?  <1,  jn|  <  1) 
remain,  as  illustrated  in  Figure  3.10(b).  Although  the  image  system  for  a  rectangular 
tunnel  of  type  (4)  is  not  valid,  the  procedure  adopted  here  amounts  to  an  approximate 
summation  column  by  column  (first  with  respect  to  n  );  it  follows  from  the  discussion 
above  Equation  (3. 17)  that  this  leads  to  a  correct  approximation  while  the  alternative 
array  cf  Figure  3.10(c)  would  fail. 


asa  in  i  t 


A  further  complication  may  arise  when  the  displacement  of  the  model  from  the  central 
horizontal  plane  z  =  0  can  no  longer  be  ignored,  Ibis  can  result  from  long  models 
at  high  incidence  or  when  the  floor  of  the  tunnel  is  used  to  simulate  the  ground.  In 
the  former  case  the  interference  corrections  can  be  large  and  changes  in  the  distance 
d  of  the  lifting  element  from  the  floor  can  be  significant,  as  has  already  been  seen 
for  a  small  wing  in  Figure  3.3.  In  the  latter  case  (yh  -  d)  may  be  even  larger,  and 
the  interference  corrections,  chough  e«el,e»*  than  usual  because  the  principal  image  in 
the  floor  is  not  included,  will  again  depend  on  d  .  Silverstein  and  White  (Ref.  3. 32; 
1935)  made  an  early’  contribution  in  this  'ield,  mainly  with  regard  to  interference 
effects  on  the  downwash  at  a  tail  plane  (Section  3.6.2).  Brown3’33  derives  general 
formulae  for  (S0)u  and  (SQ)Ug  .  the  corresponding  corrections  to  wind-tunnel  experi¬ 
ments  in  ground  effect,  and  he  gives  results  for  b/h  =  2  and  4  .  Some  values  for 
the  duplex  tunnel  are  reproduced  in  Figure  3.11.  In  a  typical  case  (d  =  0. 25h),  the 
principal  image  in  the  floor  accounts  for  a  large  proportion,  {(80)0  -  (S0)Vg}/(S0)u  . 
of  the  interference,  but  the  ratio  (SQ)  w  increases  from  0.036  to  0.118  as  cr 

increases  from  0  to  0.6.  Provided  that  d/h  is  fairly  small,  crude  estimates  of 
(S,)ug  should  suffice  (Section  3.6.3). 

Hie  quantities  20(y,t)  and  51(y,t)  for  off-centre  models  are  formulated  in 
Appendix  II  of  Reference  3.4,  and  a  simple  approximation  to  the  double  sussation  for 
Sj(y.t)  ,  based  on  Reference  3.33,  is  included.  A  full  mathematical  discussion  of 
SQ(y. t)  and  interference  effects  at  a  lifting  line  displaced  vertically  from  the 
centre  line  of  the  tunnel  is  given  hy  Sanders  and  Pounder  in  References  3.23  and  3.24. 
They  give  expressions  in  Equations  (1.51)  and  (1.52  to  1.57)  of  Reference  3.23  for  the 
interference  velocities  vi  and  respectively.  The  effect  of  the  sidewash  Vj 

on  the  aerodynamic  forces  is  unknown,  but  Uj  will  give  a  correction  Au  to  the 
stream  velocity  akin  to  that  in  Figure  3.3(b). 

In  practice,  the  distance  d  between  model  and  floor  will  depend  on  x  ,  so  that 
the  complete  evaluation  of  streamline  curvature  would  involve  displacements  in  z  . 

This  effect  has  been  considered  in  References  3.32  and  3.27  in  relation  to  the  downwash 
field  near  a  tail  by  introducing  two  extra  parameters  d/h  and  d'/h  corresponding 
to  the  vertical  locations  of  the  lifting  element  and  the  required  .  In  the  approxi¬ 
mate  representation  of  Figure  3.10(a),  the  odd  rows  would  be  loweied  by  the  distance 
(d  -  yh)  and  the  even  rows  would  be  raised  by  the  same  amount.  Although  it  is  inadmis¬ 
sible  so  to  split  the  image  system  in  two  parts,  just  as  Figure  3.10(c)  is  incorrect, 
it  is  possible  to  construct  the  required  upwash  field  from  that  of  an  isolated  doublet 
and  that  of  Figure  3.10(b)  with  double  the  vertical  spacing.  We  need  the  complete 
upwash  field  of  a  doublet  placed  centrally  in  a  rectangular  tunnel  of  breadth  2b  , 
height  2h  .  with  closed  sides  but  open  roof  and  floor 
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(3.97) 


where  3w/oy  is  defined  in  Equation  (3.94)  and  the  summation  is  made  first  with  respect 
to  n  .  ‘The  final  generalization  of  Equation  (3.95)  is 


1 

i 

4 

i 


Since  an  approximation  to  Equation  (3.97)  nay  be  Hade  on  tbe  basis  of  Figure  3.10(b) 
with  double  the  vertical  spacing,  it  nay  well  be  practicable  and  desirable  to  use 
Equation  (3.98)  for  m-very  long  and  slender  model  at  high  incidence  with  the  simplifi¬ 
cation  that  y  =  yN  =  0  .  while  (z  -  zN)/b  nay  be  far  froo  small. 


3. 4. 2  Octagonal  Tunnels 

Unlike  rectangular  tunnels,  an  octagonal  tunnel  has  no  exact  image  system.  Any 
attespt  to  construct  such  a  system  for  a  closed  boundary  containing  an  obtuse  angle 
is  thwarted  sooner  or  later  hy  the  demand  for  images  within  the  boundary.  The  treat¬ 
ment  of  octagonal  tunnels  is  necessarily  approximate,  and  artificial  methods  have  to 
be  introduced. 

In  principle,  the  two-dimensional  problem  of  obtaining  50(y.  t)  can  be  solved  by 
transforming  the  interior  of  the  octagon  into  the  hRif  plane;  the  Schwarz-Christoffel 
theorem  achieves  this,  but  the  algebra  is  prohibitive  for  &  general  octagonal  boundary. 
Gent3*13  has  derived  the  appropriate  transformation  for  a  regular  octagon  of  breadth  b. 


u. 


1.7191  (|b) 


(3. 99) 


with  flj  =  =  0.1989  and  fi2  =  H^!  =  0.6682  ,  so  that  the  real  axis  in  the 

Q  =  Y  +  iZ  plane  represents  the  octagon  in  the  &j  plane.  A  convenient  alternative 
is  to  map  the  octagon  on  &  unit  circle  by  the  related  transformation 


CxJ 


ib  Pa  dQ 

«  J.,  a  +n8)i  ' 


(3, 100) 


where  x  =  1.9565  .  This  is  written  as  a  rapidly  converging  power  senes  in  ft  ,  which 
is  inverted  to  give 


A  vortex  pair  of  strengths  iX  at  u  =  i(ib  ±  t)  and  a  point  u  -  j(ib  -t  y)  transform 
into  a  vortex  pair  of  strengths  ±K  at  fi  =  ±T  and  a  point  fi  =.Y  in  the  plane  of  the 
unit  circle.  Hence  the  upwash  interference  parameter  in  the  o>  plane  of  the  octagon 
becomes 


-  j 


126 


CWj  C 

f  T  ,  T_1  1 

Idfi 

t 

4Kt  “  877t 

}  t2-y2  t'2-y2J 

1  dw 

t2-y2_ 

(3.101) 


where 
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It  follows  froa  Equations  (3. 100)  and  (3. 101)  that 


„  C*2  (/2  -  l)*2 

SJ  0.0)  =  =  - : -  =  0.1262  . 
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consistent  with  the  table  in  Section  3.2.3.  Gent  also  derives  this  result  froa  the 
transformation  (3.99).  The  mean  parameters  (S0)D  and  (50)g  for  unifora  and  elliptic 
loading  are  given  in  Tables  1  and  2  of  Reference  3.13  for  a  =  2s/b  up  to  0.8.  Larger 
values  of  a  would  require  an  increasing  nuaber  of  tervs  in  the  power  series.  By  a 
staple  adjustment  to  Equation  (3.100)  a  similar  analysis  could  be  developed  for  any 
regular  polygonal  tunnel;  the  result  corresponding  to  Equation  (3.101)  would  rapidly 
approach  that  for  a  circular  tunnel  (Section  3.4.3),  if  the  nuaber  of  sides  were 
increased. 


For  a  core  general  class  of  closed  octagonal  tunnels  Batchelor3*11  has  supplemented 
the  image  systea  for  the  rectangular  tunnel  by  superposing  the  doubly  infinite  systea 
illustrated  in  Figure  3.1(c).  Here  each  vortex  represents  a  quadratic  distribution  of 
vorticity  increasing  froa  zero  at  each  corner  tc  a  aaxisus  kB  at  the  centre  of  each 
fillet.  Each  fillet  of  length  a  is  assumed  to  be  tne  hypotenuse  of  an  isosceles 
triangle,  so  that  their  iaages  fora  an  array  of  squares.  Batchelor’s  method  exploits 
the  fact  that  the  image  systea  for  the  rectangular  tunnel  in  Figure  3. 1 (b)  gives 
approximately  an  antisyaaetric  linear  variation  in  noraal  velocity  vn  across  a  fillet 
with  distance  along  the  fillet.  The  sase  is  true  of  the  corresponding  noraal  velocity 
froa  the  vorticity  round  the  image  square,  and  the  actual  effect  of  any  two  squares 
can  be  ignored.  The  vorticity  ka  is  chosen  to  cancel  the  velocity  v  as  best  it 
can.  Batchelor' s  formulae  have  been  generalized  for  arbitrary  a  .  b  and  b  in 
Reference  3.12,  and  the  result  may  be  expressed  as 


C  CG  v — 7 

=  JJ  *«»•»  -  ^2.  t;>  *  ws;.  .  (3. 102) 


where  the  cross-sectional  area  C  =  bb  -  a2  .  80Jk(y,t)  is  S0(y,t)  for  a  closed 
rectangular  tunnel  as  given  in  Equation  (3.82),  P  is  the  doublet  strength  2Kt  and 
the  functions  G  and  X  are  defined  below.  G/P  is  a  constant  dependent  on  the  tunnel 


geoaetry  and  is  proportional  to-  the  gradient  of  vn  at  the  centre  of  the  fil  let  due 
to  a  saall  wing*  at  the  tunnel  centre;  froa  Equation  (5)  of  Reference  3.12, 


G  2n2a^  T(1  + 


cos  2ntS  cosh  2vti  +  sin  2vH  sinh  27iN)(sin  ZrrU  +  sinh  2t?N) 
(COS  277*1  +  cosh  2ttN)3 


sin  277*1  ccsh  27tN 
(cos  277M  +  cosh  2ttN)z 


(3. 103) 


2nU  = 


2vfi  = 


77a  (2n  +  l)77h 

b/2  ~  b 


The  function  X  represents  the  upwasb  field  of  a  colunn  of  isage  squares  and  is  given 
by  Equation  (9)  of  Reference  3. 12  plus  an  extra  tera,  viz. , 
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+  840S5  -  182S3  -r  S)  + 


where  S  and  T  take  the  values 


546S3  +  S)T  ,  (3. 104) 


Sf  =  sech 


77(a/2  +  b  ±  2j  +  2ab) 


T*  =  tanh 


77(a/2  +  b  ±  2y  +  2ab) 


*  Kate,  however,  the  reaarfci  above  and  below  Eqaatioo  (3.141),  that  0/P  will  depwad  oa  t 
when  b/h  is  large. 


The  parameter  (S0)E  .  as  defined  in  Equation  (3.46),  has  been  derived  approximately 
in  References  3.11  and  3.12.  For  three  particular  octagonal  tunnels  (8q)e  as  a  func¬ 
tion  of  a  nay  be  identified  with  the  quantity  yS  from  Table  4  of  Reference  3.11 
and  from  Tables  1  and  2  of  Reference  3.12.  (S0)E  for  a  -  0  is  given  by  Equations 

(3. 102) '  to  (3. 1C4)  with  y  =  t  =  0  .  This  has  been  computed  for  the  regular  octagon 
a  =  b(/2  -  1)  .  b  =  h  .  Equation  (3.103)  gives  Gb2/P  =  -1.307  .  so  that  Equation 

(3.102)  beceses 

.  C  f  2  x  -1.307  1 

0  b2  L  15.36  J 

=  0.82843  x  0.15147  =  0.1255  , 

which  is  to  be  compared  with  the  exact  value  So(0,0)  =  0.1262  from  Reference  3.13. 

The  expansion  in  Equation  (3. 104)  must  fail  if  a/h  is  too  large,  but  it  appears  to 
be  satisfactory  provided  that  a  <  0.35h  .  The  regular  octagon  and  the  NPL  13  x  9 
tunnel  have  slightly  larger  fillets  than  this. 


A  more  elegant,  but  less  accurate  method  of  dealing  with  the  same  problem  has  been 
formulated  by  Loos3.*21.  He  replaces  the  distributed  vorticity  around  Batchelor's  image 
'  squares  by  a  seai-infinite  trailing  quadrupole  vortex  at  the  centre  of  each  square. 

The  strength  of  the  quadrupole  is  determined  from  the  condition  that  there  is  zero  flow 
across  each  half  fillet.  Unfortunately,  no  numerical  results  are  given. 

The  accuracy  to  which  vc  is  cancelled  by  the  squares  of  vorticity  is  discussed  in 
Reference  3. 12.  With  reference  to  Figure  5  of  Reference  3. 12,  the  accuracy  deteriorates 
as  wing  span  increases;  for  a  typical  span.  =  2/3. .  it  is  found  that  the  maximum 
uncertainty  in  G/?  is  of  order  20%,  and  this  can  well  be  larger  if  the  fillets  no 
longer  form  Isosceles  triangles.  In  view  of  the  consequent  uncertainty  in  the  second 
term  of  Equation  (3. 102)  for  wings  of  large  span,  it  is  pertinent  to  consider  the 
following  artifice.  Equation  (3.28)  gives  a  good  approximation  to  (S  )  when  a  is 
small;  it  may  be  rewritten  as  0  “ 


<So>e  =  (S0R) 


OR'  E 


bh  +  C 
2bh 


when 


c-  =  0 


(3. 105) 


When  a  is  very  large,  the  fillets  will  have  a  negligible  effect  compared  with  those 
of  the  principal  images  in  the  side-walls,  and  we  may  write 


<5o>E  =  ^OK^E  o-  =  1  ,  (3.106) 

since  the  influence  of  the  fillets  on  w£  may  be  neglected.  Since  (S  )  is  an  even 
function  of  a  ,  we  combine  Equations  (3. 105)  and  (3. 106)  to  give  1 

=  ««>.  [(*  ♦  Jg)  -  (i  -  •  <3  «"> 

where  (SoX)g  is  given  by  Equation  (3.84)  or  Pigure  3.9  for  the  rectangular  tunnel  of 
the  same  breadth  and  height.  The  success  of  Equation  (3.107)  is  demonstrated  in  Figure 
3. 12  for  the  regular  octagon  of  Reference  3. 13  and  the  KFk  9  x  7  and  13  x  9  tunnels 
corresponding  to  the  respective  Tables  l  and  2  of  Reference  3. 12. 


a** 


The  treatment  of  rectangular  tunnels  in  Section  3.4.1  includes  an  analysis  of  the 
streamline  curvature  through  the  parameter  S^y.t)  of  Equation  (3.42).  There  is  no 
correspotiding  theory  for  octagonal  tunnels,  and  we  can  suggest  nothing  better  than 
Equation  (3.31).  which  is  now  written  as 


Sj(y.t)  =  S0(y.t) 


bh  S1R(y,t) 
C  S0R(y.t) 


(3. 108) 


where  $0(y,t)  is  given  by  Equation  (3.102)  and  the  parameters  Sop(y, t)  and  SlR(y,t) 
are  those  for  the  basic  rectangular  tunnel  from  Equations  (3.82)  and  (3.87).  Kore 
simply  than  by  Equation  (3.103),  it  may  suffice  to  evaluate  the  upwash  interference  as 
if  the  tunnel  were  rectangular  and  then  to  apply  the  correction  factor 


(“if  iiak  *  (sf  [A  ,  (i 

W  «5.r>e  \y  \  2bV  v  W 


(3. 109) 


to  all  contributions  involving  S1(y. t)  .  With  reference  to  Equation  (3.55),  it  is 
suggested  that  the  elliptic  loading  factor  W  be  used,  and  that  Aa/&L  be  evaluated 
as  if  the  fillets  were  not  present  and  split  into  two  parts 

/A«x\  S  f/M  S 

Ur) = »  <s°s>e  *  |Gd ' s  (  “>e.  • 

The  first  part  would  be  replaced  by  the  corresponding  quantity  for  the  octagonal  tunnel, 
and  the  second  multiplied  by  the  factor  (3.109).  Thus 


to  _  /'bb'f  (S^  /to^  s  „  { /bkV 

cl  W  (hth  \cjr.  c '  “MW 


(3. 110) 


The  drag  correction  of  Equation  (3.56)  does  not  involve  Sj(y.t)  and  would  siaply 
become 


AC„  S 

C*  c  0  E 


(3. Ill) 


for  elliptic  spanwise  loading.  The  principle  of  Equation  (3.109)  can  be  applied  to  the 
residual  correction  AC^/C^  fro*  Equations  (3.57)  to  (3.59).  (ACB) 2  depends  only  on 
streaaline  curvature,  but  (^u)1  has  to  be  split  into  two  parts 

(ACb)x  =  (ACB) j .  +  <&?.)„  . 
where  (ACa) t  x  corresponds  to 
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in  Equation  (3.5S).  (ACa):i  has  to  be  evaluated  for  the  octagonal  tunnel  as  if 
Sj(y,t)  a  0  .  and  the  remainder  ACa  -  (ACS)  t t  -  (Ace)  1 2  +  (ACB)2  for  the  rectangular 
tunnel.  Thus 
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(3.112) 


Hie  principle  can  of  course  be  used  with  arbitrary  spanwise  loading  end  with  any  method 
of  correction  to  measured  quantities  suggested  in  Sections  3.3.3  to  3.3.6.  provided 
that  S0(y. t)  is  calculated  from  Equations  (3.102)  to  (3.104)  and  the  factor  (3.109) 
is  applied  to  all  the  upwash  interference  associated  with  streamline  curvature. 

Interference  effects  on  off-centre  models  in  a  particular  octagonal  tunnel  have  been 
investigated  by  Batchelor  in  Reference  3.34.  He  has  shown  that  fillets  have  a  negli¬ 
gible  effect  on  the  incremental  interference  upwash  due  to  a  vertical  displacement 
(d  -  ih)  of  the  model  from  the  central  position  for  all  practical  values  of  d  .  It 
therefore  seems  that  Equation  (3.102)  may  be  used  with  5pR(y, t)  as  given  in  Appendix  II 
of  Reference  3.4.  The  extent  to  which  this  holds  for  values  of  d  outside  the  range 
0.4h  <  d  <  0.6h  ,  say.  could  be  checked  by  an  extension  of  the  analysis  for  the  regular 
octagonal  tunnel  in  Reference  3.13. 


3.4.3  Circular  and  Elliptical  Tunnels 

While  rectangular  and  octagonal  tunnels  are  plentiful,  there  are  not  cany  elliptical 
tunnels  is  regular  use  today.  Closed  elliptical  working  sections  are  not  particularly 
convenient,  but  the  rounded  shape  is  more  appropriate  for  an  open  jet  and  a  few  open 
elliptical  tunnels  have  survived.  Only  the  simplest  wall  interference  corrections  are 
likely  to  be  needed,  and  this  may  explain  the  lack  of  theoretical  developments  for 
elliptical  tunnels  in  the  past  twenty  years.  On  the  other  hand,  the  special  case  of  a 
closed  circular  tunnel  has  received  full  development. 

A  brief  description  of  the  early  work  will  suffice.  Sanuki  and  Tani  (Ref.  3. 35;  1932) 
use  the  transformation 


y  +  iz  =  I  cosh  (17+  i£)  ,  (3.113) 

so  that  a  segment  of  -n  =  t?0  corresponds  to  an  '  )liptical  boundary  of  breadth 
b  =  2icosh7j0  and  height  h  =  2Zsinb77p  .  They  solve  for  the  stream  function  in  the 
(17.0  plane  and  evaluate  the  parameter  (80)t.  for  uniform  spanwise  loading  from 
Equation  (3.45).  For  3  wing  situated  at 

|y!  <  l  cosh  77'  cos 

► 

z  -  l  sinh  77'  sin 

in  a  closed  and  open  tunnel  respectively 
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slnh  cosh  t?0 1  cosh *017'  cos^C'  sinh^'  sli 

2  cosh2?]'  cot»24?j^rt  n(e2n7,c  ~  1)  n(e2at,o  + 

JJ  even 


Lodd 


siah2a7j#  sln^C' 


\  .  (3.114) 


For  a  centrally  placed  wing  t}'  =  C  and  the  susmntions  in  even  n  disappear.  In  the 
limiting  case  of  saall  span.  £'  =  \v  ,  the  result,  for  a  closed  tunnel  may  be  identi¬ 
fied  with  the  first  of  Equations  (3. 23).  Similarly  the  second  of  Equations  (3.114) 
for  an  open  tunnel  reduces  to  the  first  of  Equations  (3.30)  with  a  change  of  sign  and 
6  =  7)0  =  tanh''(h/b)  .  For  wings  of  finite  span  and  b/h  <  1  there  would  be  a  corres¬ 
ponding  analysis  with  the  transformation 


y  +  iz  =  l  sinh  (r)  +  i£)  . 


Curves*  of  (S0)0  against  o  -  2s/b  =  (cosh  if  cos  £')/cosh  t]c  are  given  in  Figures  4 
and  5  of  Reference  3.35  for  wings  lying  along  the  major  axis  of  the  elliptical  section. 
It  is  found  that  the  minimum  interference  parameter  for  saall  wings  in  a  closed  tunnel, 
h  =  0.  Iii7  ,  occurs  when  b/h  =  /2  .  as  does  the  minimus  5„  =  0.1190  for  closed 
rectangular  tunnels;  the  corresponding  miniaia  in  -S0  for  open  tunnels  occur  when 
b/fc  =  1//2  .  For  any  particular  closed  or  open  elliptical  tunnel  the  minimum  inter¬ 
ference  parameter  occurs  when  the  wing  tips  are  situated  at  the  foci  of  the  ellipse, 
so  that  ?}'  =  £'  -  0  and 

a  =  2Z/b  =  sech  i)Q  =  (b2-h2)Vb  . 

This  configuration  is  of  particular  interest  when  the  wing  has  elliptic  spanwise 
loading.  Glauert  has  proved  the  remarkable  result  that  the  interference  upwash  is 
constant  along  the  wing  span,  whether  the  tunnel  is  closed  or  open  (Ref. 3. 1.  pp.  23  to 
31);  respectively 


<S0>E  = 


4(b  +  h) 


or 


4(b  +  h) 


when 


a  - 


(b2-h2)» 


(3. 115) 


The  important  general  solution  for  (&Q)g  has  been  obtained  by  Rosenhead  (Ref.  3. 36; 
1933)  in  terms  of  elliptic  functions.  The  resulting  formulae  are  rather  complicated 
and  comprise  four  expressions  for  (S0)E  according  a 3  b  >  h  or  h  >  b  and  the 
boundary  is  closed  or  open:  his  useful  numerical  dats  are  presented  in  Figure  3. 13. 

The  special  case  of  a  circular  tunnel  gives  a  simple  result  for  the  parameter  5  (yrt) 
of  Equation  (3.42);  for  closed  and  open  tunnels  respectively 


$0(y.t) 


(3.116) 


where  R  is  the  radius  (Ref.3.1,  p.13).  It  can  be  shown  (cf.,  Ref.3.4,  Appendix  II) 
that  from  Equations  (3.46)  and  (3.116) 


•  Sanuii’ s  tabulated  values  appear  in  the  Appendix  to  Reference  3. 14. 


s 


—  - 


132 


is  f1  r1  /tv 

<5°’‘  = 


1  - 


't  VH 


j  v 


± - r  [l77  -  £  (c2)]  . 

77a 


where  cr  =  s/R  and  the  complete  elliptic  integral 

Ejfa2)  =  J*  (1  -  ct“  sin2<j>)T  d0 
There  is  the  convenient  expansion  of  Equation  (3.117) 


(U 


0/E 


;['*5 


,  32.5 

a’  + - 

2  42.62 


32.52.7 

42.62.82 


(3.117) 


a12  + 


(3.118) 


positive  for  a  closed  and  negative  for  an  open  circular  tunnel,  in  agreement  with 
Equation  (6.8)  of  Reference  3.1. 


Analytical  expressions  for  (8^  have  been  obtained  when  the  tunnel  boundary  is 
partly  open  and  partly  closed.  Rondo3-1*  considers  circular  tunnels  with  a  symmetrical 
closed  portion  below  the  wing  by  transforming  the  interior  of  the  circle  into  ar.  infi¬ 
nite  strip  with  one  straight  boundary  open  and  the  other  closed.  For  a  small  wing, 
zero  lift  interference  is  found  when  36.4%  of  the  circular  boundary  is  closed,  and  the 
percentage  increases  slowly  with  wing  span.  Riegels3-37  has  extended  Rondo's  analysis 
to  elliptical  tunnels  and  gives  numerical  results  for  b/h  =  /2  .  For  example,  the 
closed  portion  can  be  chosen  sc  that  i (^0>u I  <  °-008  I0r  8  range  of  span  0  <  a  <  0.6 
Riegels  also  treats  elliptical  tunnels  with  closed  portions  above  and  below  the  wing  by 
transforming  the  interior  into  a  rectangular  boundary  with  open  sides  and  closed  floor 
and  roof;  but  this  arrangement  is  a  less  effective  means  of  minimizing  lift  interference 
for  a  range  of  wing  span. 


Before  we  consider  further  numerical  results,  it  is  convenient  to  outline  the  acre 
elaborate  mathematical  methods  that  are  needed  to  obtain  the  complete'  Interference 
upwash  field  due  to  the  lifting  element.  General  theories  for  closed  and  open  circular 
and  elliptical  tunnels  are  developed  by  Lotz  (Ref.3.38;  1935).  An  independent  treat¬ 
ment  of  the  circular  tunnels  by  Burgers3-39  also  appeared  in  1335. 

For  the  circular  tunnels  Itfifcz^-  3 3  .solvad-ttlg  differential  Equation  (3.2)  in  cylin¬ 
drical  co-ordinates  for 


$  = 


8  J  2 


(3. 119) 


where  <PB  is  the  potential  field  of  the  horse-shoe  vortex.  corresponds  to  the 
image  L-vortices  of  Figure  3.14  so  that  ($a  +  satisfies  the  boundary  conditions 
at  x  =  0  and  ±® .  and  is  to  be  determined.  With  allowance  for  compressibility 
the  assumed  series  to  satisfy  the  differential  Equation  (3.2)  is 
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=.  — V  cos  nr  y  D  k  sin  (  — — ]  J  ' 


ik-rr 
PR  J 


(3. 120) 


where  =  1-M2  .  Dnk  are  unknown  coefficients,  Jp  are  Bessel  functions  of  the 
first  kind,  and  the  periodicity  in  x  will  disappear  as  p  is  allowed  to  increase 
indefinitely.  For  the  closed  tunnel,  zero  normal  velocity  on  the  boundary  r  -  R 
gives  the  condition 


cr 


=  -  —  (*  +  <M15)  =  -  — .  g .( —'S  cos  n£ 
3r  n  1  4t;R  \/3Ry 


say. 


whence,  by  Equation  (3.120), 


1  fP  /  x  \  /k77x\  f 

3nk  ik77j'(ik77/p)  J.p  Ea  \/3R/  \,-3pR/  ^ 


k77x\  /  x  \ 

-1  d|  —  ]  : 


:3.i2i) 


for  the  open  tunnel,  zero  tangential  velocity  on  the  boundary  gives  the  condition 


3x 


d  ...  K  f  x  \ 

.  _  ,  *<  >)  =  -  —Y,  « 


cos  nr 


say. 


whence,  by  Equation  (3.120), 


'nk 


k77Jn(ik77/p)  j.p 


PP  /  x\  /k77x\  f  x  \ 

j.p  C0£  \&j  ‘ 


(3. 122) 


After  the  coefficients  from  Equation  (3. 121)  or  (3. 122)  have  been  substituted  in 
Equation  (3.120),  the  substitution  krr/p  =  q  is  made  as  p  -  &  ,  so  that 


k  V  P  ) 


is  replaced  hy 


r  i 
-F(q  i 
Ja  o 


D  dq  . 


Thus  the  respective  expressions  for  the  upwash  w2  =  ±(l/r )d4>Jdr  in  the  plane  of  the 
wing  ( 6  -  tt/2  or  3rr/2  in  Figure  3. 14)  becone 


=  ± 


477r1^i 


o  p 

n  sin  nc1 


~  sin  (qx//3R)  Jn(iqr/R) 
iwqj'(iq) 

It 


r  poo 

gn(f)  sin  (qs)  dr 

[_*-» 

r  r® 

dq 

> 

lAf)  cos  (q<f)  d£ 

dq  j 

Ld.o 

J 

(3. 122) 


Along  the  axis  of  the  tunnel  r  =  0  Equations  (3. 123)  become  relatively  simple  expres¬ 
sions,  since 
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Jt(iqr/R) 

iqr/P. 


and.  for  n  >  1  . 


Jn(iqr'R) 

iqr/R 


for  closed  and  open  circular  tunnels  respectively 


wO)  ,  J_  f 

2  3ttR  J, 


sin  (qx/6?.) 
0  TtJj(iq) 


pff» 

;  gj(f)  sin  (qf)df 

U.O 


dq 


,eo  i  sin  (qx//3R) 

"pea 

1  !,(£}  cos  'q£;df 

J0  77j,(iq) 

LJ-co  ’  J 

dq 


(3. 124) 


where 


K  f  x  \  1  p1*  3 

- g,(  —  I  =  —  —  ($_  +  cos  9  d 9  for  the  closet!  tunnel 

8t7R  1\/3r )  5tj0  ?r  H  1  r~R 

JL  i  (j-\  -  +  $<*>) 

87*  77  J0  9X  B  1 


cos  9  d 9  for  the  open  tunnel 


Lengthy  expressions  for  the  velocity  potentials  #3  ,  $[n  and  $*2)  are  defined  by 
the  vortex  configurations  in  Figure  3.14.  The  equal  and  opposite  interference  upwashes 
corresponding  to  and  *j2)  are  readily  defined  in  terms  of  the  function  Wfx.y.z) 

of  Equation  (3.79),  and  the  limit  as  z  -  0 


A  n 


.(2)  _ 


W. 


i > 


St 


dz 


477(R*  +yt) 
Kt 


_ Xt/P _  " 

+  yt  +  {(R2  +  yt)  2  +  (xt/S)2}* 


1  + 


xt/0 


R2  -  vt  +  {(R2  -yt) 2  +  (xt//3)2>* 


477(R‘-yt)| 

The  total  interference  upwashes  in  the  plane  of  the  wing  are 

w[l>(x,y)  =  for  the  closed  tunnel 

*{2>(*.y)  =  wj2>  +  w<2)  for  the  open  tunnel 


T 

7 


(3.125) 


(3.126) 


It  ifril  be  observed  that  w*l)  and  w*2)  in  Equations  (3.123)  vanish  when  x  =  0 
and  the  whole  interference  upwash  coses  from  Equations  (3.125).  On  the  ether  hand, 
for  a  small  wing  (t  -  0)  Equations  (3.125)  give  zero  upwash  gradients  thr'^VBx  and 
5w*z'/3x  at  x  =  0  ,  sc  that  the  streaaline  curvature  coses  entirely  from  Equations 
(3.123). 

In  Reference  3.39  Burgers  considers  point  concentrations  of  lift  at  arbitrary  posi¬ 
tions  in  the  tunnel;  for  an  element  of  lift  Ls  at  (xN.  yK)  in  the  plane  z  =  0  the 
upwash  velocity  in  a  closed  circular  tunnel  is  obtained  as 
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3$, 


N  _ 

Bz 


"  w4r4-  i^VwiP e  (3-12" 


when  (x  -  xN)  ^  0  :  here  S  denotes  that,  for  each  n  ,  s  extends  over  all  positive 
roots  of  J'(*SR)  =  0  .  *hen  (x  -  xN)  >  0 

*N(x,y)  --  wN(co,y)  -  wN(2xN-x,y)  .  (3.128) 

The  corresponding  result  for  an  open  circular  tunnel,  when  (x  -  xH)  <  0  ,  is 

=  Jxy  .  o.  129, 

’’f‘0  ik  4* 


where  ^  now  denotes  that,  for  each  n  ,  s  extends  over  all  positive  roots  of 
Jn(*sR)  =  0  .  Again  Equation  (3. 128)  holds  for  (x  -  xK)  >  0  .  The  interference 
upwash  velocity  is  obtained  by  subtracting  from  wK(x,y)  the  unconstrained  upwash 


wN0(x,y)  = 


ln 


/S  2{(x-x„.>2  +  fl2(y-y„)2}*T 


4npU  {(x-xN)2  +  y32(y-yK}2}1  -  (x-xN) 
due  to  the  lifting  element.  Thus  for  a  number  of  lifting  elements 

»i(x.y)  =  X  tw„(x,yT  -  wN0(x.y)] 


(3.130) 


(3.131) 


in  accordance  with  Equations  (3.127)  to  (3.130). 


An  outline  of  the  treatment  of  elliptical  tunnels  by  Lotz3*38  will  coaplete  the 
basic  theory.  She  uses  the  elliptical  co-ordinate?  of  Equation  (3.113),  so  that  the 
differential  Equation  (3.2)  becomes 

**  25  1  .  3*$\ 

^  Bx2  Z2(cosh27j  -  cos20  \Bt}2  3£2/ 

The  solution  is  again  obtained  in  the  fens  of  Equation  (3.119), 
to  Figure  14,  15  or  16  of  Reference  3.38  and 

K  «— » i  i  (  2k77x\  _ 

*»  *  •  <3- 133) 

where  b  ,  the  tunnel  breadth,  is  the  major  axis  of  the  ellipse.  By  Equations  (3.132) 
and  (3.133),  with  separation  of  the  variables  17  and  £  , 


(3.134) 
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=  0 


cos  2t 
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K*  =  0 


0  .  (3. 132) 

where  corresponds 
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■here  v  Is  determined,  for  each  k  ,  so  that  the  Mathieu  function  *^^(0  is  periodic 
in  5  .  As  for  the  circular  tunnels,  p  is  eventually  allowed  to  tend  to  infinity  so 
that  Z  is  replaced  by  an  integral.  The  final  expressions  for  $2  for  closed  and 

open  elliptical  tunnels  respectively  are  found  in  the  formidable  Equations  (73)  and 
(50)  of  Reference  3.38.  By  Equations  (3.113)  and  (3.119)  the  interference  upwash 
becomes 


wi 


B 

Bz 


($!  +  $2) 


cosh  i?  sin  £  B$2  sinh  17  cos  £  B$2 

Bz  l(cosh27j-cos?£)  Br;  Z(cosh27?-cos2£)  B£ 


(3.135) 


Although  Lotz  gives  graphs  of  wt  for  both  closed  and  open  elliptical  tunnels 
having  b  =  h/2  .  the  calculations  only  cover  small  span  (cr  =  0)  and  uniform  loading 
when  or  =  f/2  and  the  wing  tips  lie  at  the  foci  of  the  ellipse.  These  difficult 
calculations  (due  to  Riegels)  illustrate  a  technique  for  handling  Equations  (3. 133)  to 
(3.135).  Nevertheless,  for  general  elliptical  tunnels  the  data  in  Figures  3.5  and 
3.13  may  have  to  serve.  The  interference  corrections  Ac:  and  Ac0  mast  then  be 
evaluated  from  Equations  (3.85)  with  the  aid  of  (SQ) £  from  Figure  3.13  and  5j/80 
for  a  small  wing  from  Figure  3.5  or  Equation  (3.31).  For  closed  tunnels  it  seems 
better  to  invoke  Equations  (3.110)  to  (3.112),  where  now  bh/C  -  4/77  .  The  quantities 


and 


have  to  be  evaluated  for  a  closed  rectangular  tunnel  of  the  same  breadth  and  height 
as  the  elliptical  tunnel.  The  ratio  ($0)B/(s0s^E  for  arbitrai7  b/h  and  cr  nay 
be  evaluated  from  Figures  3. 13(a)  and  3.9.  Equation  (3. 112)  for  the  residual  correc¬ 
tion  to  pitching  moment  involves  the  quantity  (-Ca)  t t/CL  which  is  to  be  calculated 
from  Equation  (3.58)  as  if  S1(y,t)  s  0  ,  i.e.  as  if 


o 

Bt 


r<  1-Jf1^ 

Jo  [io  UCCL 

f|-{t80(y.t)> 


if  the  weighting  factor  W  in  Equation  (3.55)  and  the  circulation  T  in  Equation  (3.47) 
are  both  elliptic.  This  requires  the  knowledge  of  $0(y,t)  ,  which  is  fortalated  on 
the  basis  of  Reference  3.38  in  Equations  (2)  to  (5)  of  Reference  3.40  by  Gavin  and 
Hensel;  their  function  80  requires  the  factor  0. 125  to  be  consistent  with  Equation 
(3.42). 


For  circular  tunnels,  exact  values  of  Sj  are  available  for  wings  of  small  span. 
Von  Baranoff3*81  derives  the  result 


1_  f"  q2K2(q)  -  qE^q) 
477  J0  I  '(q) 


_1_  f°  q2K{(q) 

4^  Jo  *[«*> 


0.24975  , 


(3. 136) 


r 


when  the  tunnel  is  closed"  for  the  open  circular  tunnel 


«. .  -i-fsia  «  . 

477  Jo  ij(q) 


-  0. 19921  , 


(3. 137) 


where  I,(q)  =  -iJj(lq)  and  Kt(q)  are  the  aodified  Bessel  functions.  LotzTs  calcula¬ 
tions  are  consistent  with  the  latter  result,  but  overestimate  the  former.  In  Figure  8 
of  Reference  3.19  Eisenstadt  gives  further  evidence  to  suggest  that  Lota's  calculations 
for  the  closed  circular  tunnel  are  incorrect  while  those  of  Burgers  are  reliable.  The 
relative  simplicity  of  Equations  (3. 127)  and  (3. 139)  as  cospared  with  Equations  (3- 123) 
and  (3. 125)  ccasends  the  sethod  of  Burgers  as  a  computational  procedure.  For  the  closed 
tunnel,  however,  both  methods  have  received  inport ant  development.  While  Eisenstadt3* 19 
has  extended  Lotz*  s  method  to  treat  a  swept  lifting  line.  Si veils  and  Salmi3*26  give 
extensive  tables  and  charts  based  on  Equation  (3.127). 

As  a  lifting  eleaent  Eisenstadt  takes  a  skew  horse-shoe  vortex  with  corners  at  an 
origin  on  the  axis  of  the  tunnel  and  at  a  point  (x.r.c?)  =  (t  tan  A,  t  sec  A,  h?)  in 
the  co-ordinate  systen  of  Figure  3.14(a).  Thus  A  is  the  angle  of  sweepback  of  the 
bound  vortex,  and  t  is  the  perpendicular  distance  between  the  trailing  vortices.  Be 
chooses  to  correspond  to  the  L-vortex  of  Figure  3.14(b)  in  the  half  plane  9  =  hr , 
so  that  is  independent  of  A  and  is  given  by  the  second  term  of  Equation 

(3. 125) .  In  an  appendix  he  proves  the  validity  of  Lotz*  s  xetbod  and  discusses  the  con¬ 
vergence  of  the  series  for  and  its  derivatives.  In  Reference  3.38.  3($J<+$1)/3r 
is  even  in  y  but  not  necessarily  odd  in  z  ,  but  Eisenstadt' s  quantity 

is  odd  in  z  but  not  necessarily  even  in  y  :  Moreover,  is  not  in  general  odd  in 
x  .  Therefore  Equation  (3. 120)  has  to  be  modif ied  and  the  first  of  Equations  (3. 123) 
is  replaced  by 

?r =  f  i hi  “ 1:05  1 1 [L  ^  (*  •  i)  af j • 


(3. 138) 


where  the  negative  sign  corresponds  to  y  >  0  (9  =  -577)  and  the  positive  sign  to 
y  <  0  (9  =  377/2)  .  The  integral  in  square  brackets  is  expressed  as 

J  ^  cos  (*S  ~  jg)  *£  =  2Ja(q)  sin  2kJS(q)  cos  ~ 

and  the  functions  In(q)  and  ka(q)  are  tabulated  for  n  =  1,2.3  .  Finally  in  Table  4 
of  Reference  3.19 
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is  gives  as  a  function  of  four  parameters;  in  the  equivalent  incospressible  flow 
(Table  3.1)  these  parameters  becoae 


-  (1  +  /f  2  tan2A)*  . 

R 


cot"  1(/3  cot  A)  , 


-  and  —  (1  +  /S'2  tat2A)1 
/Sr.  r 


which  are  somewhat  inconvenient  unless  K  =  0  . 


Si  veils  and  Salmi3* 26  bad  found  the  results  of  Reference  3.19  for  swept  horse-shoe 
vortex  elements  difficult  to  apply  and  therefore,  following  Burgers,  used  point  concen¬ 
trations  of  lift.  The;  have  siaply  evaluated  the  quantity 


-  wso(x,y)j 


(3. 140) 


from  Equations  (3.127),  (3.128)  and  (3.130)  and  have  given  it  in  Tables  1(a)  to  1(e)  and 
Figures  2(a)  to  2(e)  for  y/R  =  0  ,  0.2  ,  0.5  .  0.7  and  0.9  .  The  interference  upwash 
can  then  be  evaluated  from  Equations  (3.131)  and  (3.140);  illustrative  calculations 
are  given  in  Tables  3  to  9  of  Reference  3.26. 


Off-centre  models  sbo?e  or  below  the  plane  z  =  0  are  covered  by  Equations  (3. 114) 
derived  from  Reference  3.35.  The  more  elaborate  theories  do  not  preclude  off-centre 
positions,  but  the  numerical  work  is  complicated  further  and  no  calculations  appear  to 
have  been  made.  Silverstein  and  White  have  evaluated  (S0)D  from  Equations  (3.114) 
for  closed  and  open  elliptical  tunnels  with  b/h  =  1  and  2  ;  their  curves  in  Figures  3. 
4,  6  and  10  to  13  of  Reference  3. 32  indicate  that  the  increased  interference  is  quite  as 
important  as  for  rectangular  tunnels  (Fig. 3. 11).  The  vertical  displacement  gives  a 
much  greater  correction  factor  to  (§0)0  for  small  wings  than  for  models  of  large  span. 

Full-span  models  are  discussed  in  Section  3.6.4/  In  their  treatment  of  this  problem 
for  a  closed  circular  tunnel,  Vincent!  and  Graham3**2  consider  a  simplification  of 
Equation  (3.127)  on  the  axis  y  =  0  .  In  Equations  (8)  and  (21)  and  Appendix  A  of 
Reference  3.42  they  transform  the  series  of  Bessel  functions  into  a  convergent  power 
series  in  (x-xN). 


3.4.4  Baif-Iing  Models 

When  the  model  and  the  flow  conditions  have  spanwise  symmetry,  only  one  half  (y  >  0  , 
say)  need  be  considered.  In  such  cases  there  are  a any  advantages  in  using  half  models 
mounted  at  the  tunnel  wall,  which  becomes  a  reflection  plane  of  sywmetry  y  =  C  . 

Van  der  Bliek3'*3  has  discussed  the  practical  aspects,  noting  that  half  models  are 
cheaper  and  easier  to  make  and  say  be  combined  with  shorter  pressure  leads  or  a  test 
rig  outside  the  tunnel  so  as  to  elisinate  sting  or  strut  interference.  The  Reynolds 
number  can  be  doubled,  and  especially  for  control  surfaces  the  larger  size  of  model 
should  ensure  more  accurate  manufacture3''*.  The  use  of  half  models  introduces  a  number 
of  interference  effects.  The  modified  upwash  interference  will  be  discussed  in  some 
detail;  the  other  effects  of  tunnel-wall  boundary  layer  and  gap  between  model  and  tunnel 
wall  are  discussed  in  Reference  3.43. 
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Little  need  be  said  about  rectangular  tunnels.  The  foraulae  of  Section  3.4.1  have 
simply  to  be  applied  to  a  complete  model  in  a  tunnel  of  the  same  height  and  twice  the 

breadth.  References  3.22  and  3.44  illustrate  the  procedure  for  unswept  and  swept 

models  respectively. 

Half  models  are  frequently  tested  in  octagonal  tunnels.  Batchelor’s3*11  method, 
outlined  in  Section  3.4.2,  then  requires  the  modification  in  Reference  3.45,  where 
calculations  are  made  for  the  tunnel  in  the  middle  diagram  of  Figure  3.12.  The  origin 
in  Pieure  l-'c'  is  shifted  one  half  breadth  to  the  lift,  and  it  is  necessary  to  distin¬ 
guish  between  the  "corner  fillets"  at  y  =  ±b  ,  ±3b  ,  ...  and  the  "central  fillets" 

at  y  =  0  .  ±2b  .  In  the  first  place  it  is  convenient  to  re-define  the  quantity 

G/P  in  Equation  (3.103),  so  that  the  gradient  of  vQ  at  the  midpoint  of  the  fillet 
is  replaced  by  the  mean  gradient  over  its  middle  half.  For  the  double  tunnel  of  large 
breadth  to  height  ratio  2b/h  ,  moreover,  G/P  is  found  to  depend  on  the  semi-span  t 
of  the  horse-shoe  vortex.  For  example,  from  the  non-dimensional  quantity 

A'  =  4/2  bt  G/P  =  2/2  b  G/K  =  G(t/b)  (3. 141) 
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in  Table  2  of  Reference  3.45  it  is  seen  that  G/P  is  more  than  doubled  when  t 
increases  from  0  to  0.75b  .  The  corresponding  quantity  for  the  central  fillets  is 
negetive  and  nay  be  identified  with  -G[l  -  (t/b)]  .  It  follows  that,  in  the  special 
case  y  =  t  =  *b  ,  the  contributions  to  the  interference  apwash  from  the  corner  and 
central  fillets  cancel  each  other.  In  principle,  S0(y.t)  i*  given  by  a  simple  exten¬ 
sion  of  Equations  (3.102)  and  (3.104).  For  the  column  of  central  fillets  near  the 
reflection  plane  * 


S 
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Unfortunately  the  expansion  for  X(S,T)  in  Equation  (3.104)  may  converge  too  slowly 
when  y  is  small,  as  shown  in  Table  3(a)  of  Reference  3.45;  the  alternative  expansion 
of  Equation  (25)  in  the  Appendix  to  Reference  3.45  is  more  accurate,  and  it  is  seen 
that  relatively  large  negative  values  of  X  are  found  for  small  y  .  The  main  con¬ 
clusions  are  that  the  octagonal  tunnel  induces  considerably  more  interference  up wash 
near  the  reflection  plane  than  does  the  corresponding  rectangular  tunnel,  but  that 
elsewhere  the  effect  of  the  fillets,  whether  positive  or  negative,  is  likely  to  be 
much  smaller  than  for  complete  models.  No  simple  formula  such  as  Equation  (3. 107)  can 
be  suggested,  but  it  seems  typical  that  (5„)|/(5OR)E  >  1  for  small  a  and  is  roughly 
equal  to  the  area  ratio  C/bh  for  fairly  small  (1-ct).  For  half-model  testing  cr  is 
unlikely  to  be  small;  when  cr  >  {  .  it  is  recommended  that  the  fillets  should  be  neg¬ 
lected  for  all  but  the  most  detailed  experiments. 

Shea  a  reflection  plane  is  installed  to  test  half  models  in  a  circular  tunnel,  the 
effective  boundary  is  of  bipolar  cross  section  as  illustrated  in  Figure  3.15.  This 
configuration  was  first  considered  by  Kondo  (Ref.  3. 14;  1935),  who  used  the  transformation 

y  +  lx  =  R  sin  tan  (17  +  i  £)  (3.142) 

to  map  the  interior  into  the  strip  |vj|  <  .  where  the  angle  \p  is  indicated 

in  Figure  3.25.  By  Equation  (3.45).  solutions  for  the  interference  stream  function 
along  a  uniformly  loaded  lifting  line  give  simple  expressions 
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for  closed  tunnels 


for  open  tunnels 


(3. 143) 


where  t  is  the  half-wing  span,  tan  £  =  t/(R  sin  0)  (Pig.  3. 15),  and  the  bipolar  area 
C  =  2R2(77-0+£  sin  20)  .  Figure  4(b)  of  Reference  3.14  shows  that  a  closed  bipolar 
tunnel  has  values  of  (SQ)0  remarkably  close  to  those  for  the  closed  elliptical  tunnel 
of  the  same  breadth  to  height  ratio  (1  +  cos  0);  this  is  auch  less  true  of  an  open 
bipolar  tunnel.  Figure  3. 15  shows  how  the  interference  on  a  half  model  of  fixed  span 
can  be  reduced  from  that  on  the  corresponding  complete  model  in  a  circular  tunnel 
(0  =  90°).  The  magnitude  of  the  simple  correction  to  incidence,  given  by 


7jR2Aa  7iR2 


SC, 


(3. 144) 


falls  to  a  minimum  as  0  decreases.  For  closed  tunnels  the  minimum  Acc  is  about  one 
half  that  of  a  small  complete  wing  or,  when  t  =  0.8R  ,  as  little  as  one  third  of  that 
for  a  complete  wing.  Less  impressive  reductions  are  found  in  the  negative  correction 
Aa  when  the  boundary  is  open. 

Davison  and  Rcsenhead3**6  have  treated  the  open  bipolar  tunnel  independently  by  the 
transformation 


77  tan" 1  [  — - )  =  2(77  -  0)  tan"  Hy  +  i£) 

'^R  sin  0  J 


(3. 145) 


in  place  of  Equation  (3.142);  Table  2  of  Reference  3.46  gives  precisely  the  quantity 
plotted  in  Figure  3.15.  With  an  approximation  they  extend  the  analysis  to  obtain  a 
convergent  expansion  for  the  corresponding  quantity  when  the  spanwise  loading  is 
elliptic. 

Sivells  and  Deters3* *T  use  the  same  transformation  (3.145)  for  a  closed  bipolar 
tunnel  to  obtain  the  interference  parameter 
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Values  of  ( iRt/C)  80(y,t)  =  WjR/K  st  x  =  0  are  tabulated  ia  Tables  1  and  2  of 
Reference  3.4?  for  two  configurations  0  =  43.09°  and  60.14°  that  are  favourable  in 
Flgur?  3. is.  The  streasmise  variation  of  w^  is  represented  rather  crudely  by  taking 

h  -  2S.  ar«i 

Sj(y.t>  2  2.1  50(y,t) 

in  Equation  (3.42);  the  factor  2.1  was  obtained  from  the  incorrect  calculations  of 
Reference  3.38  for  a  closed  circular  tunnel,  and  fro«  Equation  (3.136)  the  value  1.998 
night  be  preferred.  Reference  3.47  also  exwines  the  consequences  of  replacing  the 
reflection  plane  by  an  end  plate;  this  tends  to  give  a  larger  interference  upwash  and 
a  spanwisa  lift  distribution  different  froo  that  of  a  coaplete  wing.  It  is  concluded 
that  a  reflection  plane  should  be  used  wherever  possible  for  half-aodel  testing. 


No  rigorous  aethod  is  available  for  deteraining  the  general  interference  upwash 
field  »i(x,y)  in  the  plane  z  =  0  of  a  closed  bipolar  tunnel.  The  best  approxima¬ 
tion  appears  to  be  that  of  Sivells  and  Salmi3* 2<  using  point  concentrations  of  lift. 

If  the  elesent  of  lift  LN  acts  at  a  position  (xs,  »K),  then  following  Reference  3.47 
they  obtain 


w„(xH.y.yK)  = 
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where,  as  in  Equation  (3.146). 


tan' 1  rjH  =  — - —  tan' 1  ( — . 

H  2(77-0)  \R  sin  0 J 

The  plausible  assumption  is  then  made  that,  for  any  fixed  x  and  xH  ,  the  ratio  of 
w„(x.y.yN)  to  wH(xR.y.yK)  is  equal  to  the  corresponding  ratio  for  the  closed  circular 
tunnel  in  the  (17, 0  plane;  that  is  to  say. 


=  ~  NqO.2?)  _  (3,  J48] 

“  wN0<V7?> 

where  and  wR0  are  defined  in  Equations  (3.127),  (3.128)  and  (3.130)  with  y„ 

replaced  by  tjh  .  Hence  the  charts  in  Figure  5  of  Reference  3.26  are  derived  for  the 
particular  bipolar  tunnel  of  Reference  3.47  with  0  =  60.14°  (b/b  =  1.49781)  .  The 
Interference  corrections  can  then  be  obtained  as  simply  as  for  the  circular  tunnel. 


3.3  NUMERICAL  INTERFERENCE  CORRECTIONS 

Various  formulae  for  interference  corrections  to  measured  quantities  have  been 
derived  earlier.  Section  3.2.4  gives  expressions  suitable  for  small  wings,  while  more 
general  formulae  are  discussed  in  Sections  3.3.3  to  3.3.6.  The  application  of  these 
formulae  to  a  particular  tunnel  requires  knowledge  of  the  appropriate  interference 
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parameters  from  Sections  3.4.1  to  3.4.4.  Ve  consider  in  Sections  3.5.1  and  3.5.2  the 
relative  importance  of  the  various  corrections  from  available  numerical  data  for  rect¬ 
angular  and  non- rectangular  tunnels  respectively.  In  Section  3. 5. 3  an  attempt  is  made 
to  assess  the  accuracy  of  the  simpler  aethods  of  estimation. 

In  the  first  place  the  measured  Quantities  that  often  require  interference  correc¬ 
tion  can  be  divided  into  tbree  groups. 


Geometrical  quantity 

a 

Force  coefficients  affecting 
ih8  interference  upwtsh 

CL  ,  Cj  .  c„ 

Otbex  force  coefficients 

CD  *  Cn  ‘  CH 

Although  the  vortex  representation  of  the  model  may  be  governed  partly  by  the  theoreti¬ 
cal  lift  distribution,  the  reliability  of  interference  corrections  must  also  depend  on 
the  amount  of  experimental  information  in  the  second  group.  In  half-model  tests  all 
three  coefficients  may  be  measured,  so  that  the  spanirise  and  streasswise  centres  of 
pressure  may  be  known.  For  complete  models  there  will  be  separate  fields  of  inter¬ 
ference  cpwrnah  from  the  symmetrical  loading  (CL  and  Ca)  and  antisymaetrical  loading 
(Ct);  the  latter,  though  smaller,  will  be  less  well  defined,  since  the  streamwise 
centre  of  pressure  associated  with  C{  is  unknown.  There  will  be  varying  degrees  of 
uncertainty  in  the  absence  of  one  or  more  of  these  coefficients,  especially  when  only 
the  control  hinge  moment  CH  or  a  restricted  pressure  distribution  is  measured.  An 
independent  appeal  to  the  theoretical  lift  distribution  or  an  empirical  estimate  of 
CL  or  Cj  is  then  essential. 

The  mare  common  interference  corrections  can  be  grouped  as  in  the  following  table. 


Principal  corrections 

A<* ,  ACj 

Zero  correction 

Residual  corrections  to 
longitudinal  moments 

acb  .  ach 

ACj  (half-model) 

Residual  corrections  to 
vortex-induced  coefficients 

AC0.  Acd 

The  principal  corrections  are  the  easiest  to  estimate  quickly;  Aa  is  usually  much 
more  important  than  ACj  .  It  is  convenient  to  choose  Aa  such  that  AC^  =  0  .  The 
residual  corrections  A Ca  and  AC„  are  rather  difficult  to  estimate  at  all  accurately; 

the  latter  can  be  especially  important.  The  vortex- induced  coefficients  C_.  and  C _ 

are  only  part  of  tbe  measured  quantities,  but  are  subject  tc  large  percentage  inter¬ 
ference  corrections.  It  will  be  assumed  that  ACa  is  governed  by  tbe  principles  of 
lifting-line  theory,  but  it  is  suggested  in  Section  3.5.3  that  the  resulting  formulae 
are  somewhat  unreliable. 


143 


A  different  category  of  correction  arises  irhen  lateral  aerodynamic  characteristics 
are  to  be  deduced  froa  tests  of  half-span  or  part-span  models.  After  the  interference 
corrections,  including  ACj  ,  have  been  applied  to  give  conditions  of  unconstrained 
flow  with  a  reflection  plane  y  =  0  ,  there  reaains  a  lifting-surface  problem  indepen¬ 
dent  of  the  tunnel  shape.  The  precise  details  of  such  a  calculation  are  not  discussed, 
but  the  resulting  correction  factor  to  (Cj  +  ACj)  is  of  major  importance. 


§?l. 

i  *. 
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3.3.1  Rectangular  Tunnels 

Attention  is  now  given  to  specific  calculations  of  wall  interference  on  lifting 
wings  in  rectangular  tunnels.  An  attempt  is  made  by  illustrative  charts  or  formulae 
or  inequalities  to  indicate  the  likely  magnitude  of  the  various  principal  and  residual 
corrections  relevant  to  wing  models.  Brief  discussions  of  the  numerical  corrections 
for  slender  wings,  complete  aircraft  models  and  other  special  configurations  will  be 
deferred  until  the  appropriate  subsections  of  Section  3.6. 


Figure  3.2  has  already  provided  the  order  of  magnitude  of  the  correction  Aa  for 
various  types  of  rectangular  tunnel.  For  closed  rectangular  tunnels  Equation  (3.55) 
with  some  weighting  W  has  been  used  to  calculate  the  influence  of  wing  span  over  a 
wide  range  of  planforms.  Polhaaus3*SB  has  evaluated  the  mean  interference  upwssh  along 
a  swept  lifting  line  with  the  weighting  W  =  c/c  ;  this  indicates  very  little  influence 
of  sweep  angle  (-60°  <  A  <  60°)  for  planforms  of  moderate  taper  and  span  ratios 
cr  =  2s/b  <  0.8  in  a  tunnel  of  effective  shape  b/h  =  1.4  .  Acum3* 17  used  the  weighting 


W 


c 

+  0.4  - 
c . 


in  Equation  (3.55)  to  evaluate  the  mean  interference  upwash  at  three-quarter  chord. 

It  is  found  to  a  useful  approximation  that,  for  any  particular  breadth  to  height  ratio. 


/bh\ 


Aa 


(3. 149) 


can  be  regarded  as  a  function  of  a  and  aspect  ratio  A  =  (2s) 2/S  in  incompressible 
flow.  Not  only  is  8  largely  independent  of  sweepbaek  and  wing  taper,  but  it  is 
practically  insensitive  to  spanwise  loading,  as  Appendix  I  of  Reference  3.4  illustrates 
convincingly  for  a  square  tunnel.  For  elliptic  spanwise  loading  carpets  of  S  are 
reproduced  from  Reference  3. 17  with  allowance  for  compressibility  by  plotting  against 
a  horizontal  scale  of  a  +  3(/SA)_l  in  Figure  3. 16;  the  three  diagrams  for  b/h  =  1  , 
9/7  and  2  show  8  within  the  range  0. 11  <  8  <  0.22  for  /U  <  8  ,  a  <  0.8  and 
a  +  3(/Sa)"  1  <  2  .  For  fixed  b/h  and  cr  .  S  is  represented  as  &  linear  function  of 
(/3A)"  1  ;  we  may  therefore  write 


where 


Aa 

cT 


SOSA) 


(3. 150) 
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There  is  a  tendency  for  Equation  (3. 150)  to  underestimate  Aa  for  highly  tapered 
wings  when  b/h  is  large  (Fig.  12  of  Ref.  3. 17)  and  to  overestimate  Aa  when  /?A  <  2  , 
say. 

Independent  calculations  of  Aa  by  the  method  of  Reference  3. 22  for  b/h  =  10/7 
are  included  in  Reference  3.48.  The  results  take  the  form 

Aa  S  r  . 

-  =  -  [8„  +  SJ  .  (3. 151) 

u 

where  the  ‘lifting  line*  contribution  8  j  j  corresponds  to  A  =  oo  and  the  ‘streamline 
curvature*  contribution  Ssc  is  roughly  inversely  proportional  to  /3a  ,  as  in  Equation 
(3.150).  The  curves  against  cr  ,  reproduced  in  the  top  two  diagrams  of  Figure  3.17, 
show  Sjj  for  three  values  of  d/h  ,  the  non-dimensional  distance  from  model  to  floor, 
and  the  quantity  /3a38C  subject  to  the  restriction  (ik  >  2  ,  say.  In  Figure  3.18  we 
try  to  piece  together  the  approximate  information  on  8  ,  as  defined  in  Equation  (3. 149), 
for  wings  and  Mach  numbers  such  that  /3A  =  2.5  ,  i.e.. 


The  curves  of  8  against  b/h  for  constant  area  ratios  S/(ySbh)  show  how  the  minimum 
interference  shifts  from  b/h  =  /2  for  small  wings  to  broader  shapes  of  tunnel  as  the 
area  ratio  inci eases.  Thus  the  variation  in  8  from  tunnel  to  tunnel  is  likely  to 
increase  with  the  relative  size  of  model. 


Whereas  the  momentum  at  right  angles  to  the  stream  direction  is  influenced  hy  normal 
pressures  at  the  tunnel  boundary,  the  streamwise  momentum  is  virtually  uninfluenced  by 
external  forces.  The  vortex -induced  drag  is  therefore  determined  by  the  spanwise  load¬ 
ing  on  the  wing  and  the  cross-section  of  the  tunnel.  When  an  elliptically  loaded  lifting 
line  can  be  assumed,  a  good  approximation  to  the  interference  correction  is  given  hy 

gC2 

Acd  =  TT  (50>e  •  (3. 152) 


where  for  closed  rectangular  tunnels  (S0)E  is  given  as  a  function  of  b/h  and  a 
in  Figure  3.9.  Minor  contributions  due  to  residual  effects  and  asymmetrical  spanwise 
loading  are  noted  in  Equations  (3.63)  and  (3.71).  The  parameter  Bll  at  the  top  of 
Figure  3.17  illustrates  approximately  the  increase  in  (S0)g  with  off-centre  models. 
The  uncorrecttd  vortex  drag  of  a  lifting  line  with  elliptic  loading  is  simply 
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Dv 


(3. 153) 


Ry  Equations  (3. 152)  and  (3. 153)  the  ratio 
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which  can  be  large,  e.  g. ,  26%  when  b/h  =  1.6  .  a  -  0.7  and 
may  appear  slightly  exaggerated,  since  CD7  does  not  represent 


(SQ)E  =  0.105  . 
the  total  drag. 


This 


The  residual  correction  to  pitching  moment,  as  defined  in  Equation  (3.36)  or  Equations 
(3.57)  to  (3.59)  or  more  generally  in  the  second  of  Equations  (3.67),  is  independent  of 
pitching  axis.  The  accuracy  of  the  different  methods  of  estimating  ACQ  will  be  dis¬ 
cussed  in  Section  3.5.3.  As  far  as  can  be  judged  from  a  few  lifting-surface  calcula¬ 
tions  by  the  Equation  (3.67),  the  correction  is  likely  to  lie  within  the  range 
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ySAh 
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for  fairly  large  models  in  closed  rectangular  tunnels;  Equation  (3.26)  with  Table  3. Ill 
would  have  suggested  a  much  wider  variation. 


The  principal  correction  ACj  to  rolling  moment  is  never  very  large.  It  appears 
in  the  form  of  Equation  (3.62)  or  the  last  of  Equations  (3.67).  For  unswept  wings  of 
high  aspect  ratio,  in  particular,  there  are  other  simple  procedures.  With  a  change  of 
sign.  Equation  (9)  of  Reference  3.28,  with  chsrts  for  b/h  =  10/7  and  3/2  ,  gives 
-ACj/Cj  for  wings  with  deflected  ailerons;  Equation  (3.62)  may  be  regarded  as  a 
generalization  of  this.  Equation  (3)  of  Reference  3.48,  based  on  Reference  3.25, 
gives  the  result  in  the  third  panel  of  Figure  3. 17  and  incorporates  the  factor 
(2. 5  cos  ifj  ~  1.5)  for  wings  yawed  through  the  angle  vf»  .  ffe  now  examine  the  behaviour 
of  the  interference  upwash  in  Equation  (3.50).  ffben  the  wing  is  small,  it  can  he 
shown  that 
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where,  by  Equations  (3.91)  and  (3.92), 


f?(0)  +  22  (-l)B  f  "(nb/h) 
n=  l 


f"(0)  -r  2  SI  (-1)°  fi'teb/h) 
o=i  3 


(3. 157) 


the  second  derivatives  f "  may  be  evaluated  from  Reference  3. 18.  The  antisyssetric 
spanwise  loading  is  taken  such  that  in  Equation  (3.50) 
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By  Equations  (3.50),  (3.156)  and  (3.158), 
4sySC, 


zi  _ _ 

IT  77h4 


I  [S°  * c‘] G)  (‘  -  pj  dG)  •  <3-,59> 
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For  larger'Sing^tmay  be  appropriate  to  evaluate  £0  and  £  in  the  special  case 
y  -  1  ~  *•*  ,  when  tn&re^are^simple  formulae  1 


,  3h‘S 

*  -jr| -*.<»♦* 

L 


>  .  (3. 160) 


Vaiues  of  £0  and  £,  iron  Equations  (3.157)  and  (3.160)  are  listed  in  Table  3  VI 

r°Ueh  efia&te  °f  ACi  f0r  wiDgs  of  high  asfect  ratio,  we  omit  the  second 
trn  in  the  square  bracket  of  Equation  (3.159)  and  use  Equations  (3.62)  and  (3.159)  to 


; 


^dCL/Ba  szS£0  J\(lJ 


Cl  2(~A  +  /i3CL/Ba)  4h  jQ 
With  the  further  approximations 


V-  =  1  . 


2c;  2?  A 


3a  /SA  +  2  ’ 


= 

77  \  5  / 


this  becomes 


= 


775  ^0 


4h“(/5A  +  4)  ' 


(3. 161) 


which  has  formal  similarity  with  Equation  (9)  of  Reference  3.28.  A  typical  correction 
2’?'  TaU  b/h  =  16  •  So  =  2-9  •  o’  =  0.7  and  fih  =  6  .  Par 
.  r  T  i?!?  AC*/C*  iS  negligible-  teing  Porportional  to  «r*  .  Equation  (3.161 
lth  C0  fros  sable  3.  VI  will  determine  whether  the  correction  can  be  ignored  safely 


e  vortex- induced  yawing  moment  involves  interaction  between  symmetrical  and  anti- 
symmetricax  parts  of  the  spanwise  loading.  Even  for  unyawed  wings,  the  evaluation  of 

frcc  Equations  (3.70)  and  (3.71)  includes  three 
cn^SroSaf-fnr«r  !  of  tfae  symmetrical  part  may  be  needed  when  control 

In  .ss.  a*e  def*tcte--  is  illustrated  ir.  the  methods  of  Swanson3- 25 and  Grafcaa3-28 

o  o  ta.n  a  rough  estimate  of  ACn  .  we  assume  a  sparwise  load  distribution 


cC 


_  iEk  (  y2V  32C ty  f  y*\i 

p  "  77  V ^7  +~x~s) 


(3.162) 
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and  an  interference  upwash 


ifif).  ■  O  •(?*)'•• 

where  the  last  ten:  is  derived  froa  Equation  (3.159).  The  parameters  5C  and  £0 
here  denote  suitable  lean  values  dependent  on  b/h  and  cr  .  Then  Equation  (3.70)  gives 
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nv 
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(3. 164) 


Pro®  the  lifting-line  integral  it  is  found  that  the  vortex-induced  incidence  is 


_  _L  f1  _f _ L-  pCu.1  JjL) 

4wA  J_1y/ -y  d(y/s)  c  'y_jt  \sj 


= - fcL  +  16(y/s)  c23 
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whence 
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B(y  Equations  (3.71),  (3.164)  and  (3.165). 


AC  vne T2  r  ( a2b3  \  1  AC, 

-£msr  -sf  ‘ 


(3. 165) 


(3. 165) 


This  lies  between  the  corresponding  ratios  ACj/C^  and  ACj/Cj  from  Equations  (3.154) 


and  (3.161),  e.g.,  10£  when  b/h  =  1.6  ,  a  -  0.7 


S0  =  0.105 


and  =  2.9  .  In 


practice,  Acn  can  be  a  larger  proportion  of  the  measured  Cn  (Section  9  of  Eef.3.18). 
It  is  noted  that  the  second  term  of  Equation  (3. 154)  largely  explains  the  difference 
between  Sjj  and  -(C/SKACjj/CjCj)  in  the  top  and  bottom  panels  of  Figure  3.17. 


Hypothetical  cases  of  swept  and  unswept  half-models  with  control  surface  in  a  closed 
square  tunnel  are  considered  in  Section  9  and  Figures  6  and  7  of  Reference  2.4.  The 
residual  correction  to  hinge  moment  from  Equation  (3.77)  is  seen  to  be  important  for 
large  models.  Further  discussion  of  wall  interference  on  control  hinge  moments  with 
aerodynamic  balance  is  found  in  Reference  3.49;  Miss  Lyon  has  pointed  out  that  uncor¬ 
rected  wind-tunnel  results  may  be  misleading  in  the  design  of  closely  balanced  elevators. 


3.5.2  Non-Rcctangnlar  Tunnels 

There  is  evidence  in  Reference  3.40  of  a  small  effect  of  spanwise  loading  on  Aa 
for  unswept  wings  of  aspect  ratio  A  =  8  in  a  closed  elliptical  tunnel  of  ratio 
b/h  =  1.37  .  Given  total  lift  and  wing  span,  the  wall  interference  is  less  for  lift 
distributions  that  are  more  concentrated  towards  the  centre  line.  Bet  Figure  8  of 
Reference  3.40  shows  that  Ac.  is  only  slightly  less  for  highly  tapered  than  for 
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untapered  wings.  Even  smaller  changes  would  be  expected  of  sweptback  wings  and  those 
of  lower  aspect  ratio;  for  wost  purposes  elliptic  spanwise  loading  a  ay  be  sssuaed. 

There  should  be  little  difficulty  in  preparing  approximate  charts  for  octagonal  and 
elliptical  tunnels  siail&r  to  those  for  rectangular  tunnels  in  Figure  3. 16. 

Once  the  principal  correction  Aa/CL  is  known  for  rectangular  tunnels,  the  corres¬ 
ponding  correction  for  octagonal  or  elliptical  tunnels  can  be  estiaated  quickly  from 
Equation  (3.110).  This  only  requires  the  further  knowledge  of  the  paraaeter  (S0)E 
for  the  appropriate  value  of.  cr  .  which  is  given  in  Figure  3.12  or  3.13;  otherwise 
Equation  (3. 107)  is  available  to  give  a  rough  estimate  for  closed  octagonal  tunnels. 
Although  (S0)g  will  be  smaller  than  the  corresponding  quantity  ($0R)E  for  a  closed 
rectangular  tunnel  of  the  same  breadth  and  height,  the  interference  correction  will  be 
larger  for  the  ssae  model.  Ey  contrast  the  bipolar  shape,  appropriate  to  a  half-model 
in  a  closed  circular  tunnel  with  reflection  plane,  can  give  a  much  smaller  interference 
(Fig.  3. 15)  than  the  half-model  in  a  rectangular  tunnel  of  the  same  breadth  and  height. 


Equation  (3. 152)  with  bh  replaced  by  C  will  continue  to  give  a  good  approximation 
to  ZiC0  .  The  inequality  (3. 155)  should  again  indicate  whether  ACB  is  negligible;  if 
not.  Equation  (3.112)  is  available.  Likewise  Equation  (3.161)  with  an  appropriate 
value  of  £0  will  give  the  order  of  magnitude  of  the  correction  ACj  .  A  crude  esti¬ 
mate  of  8Ccv  then  follows  from  Equation  (3.164),  but  this  correction  will  seldom  be 
negligible  under  conditions  of  asymmetrical  spanwise  loading.  For  a  closed  circular 
tunnel  it  can  be  shown  that  £0  .  as  defined  in  Equation  (3.156).  is 


32R* 
ty  3t 


Kh2? 

3<R‘-tV) 


8R8 

(E'-tV)2 


(3. 167) 


for  the  present  purpose  this  is  not  appreciably  different  frca  the  quantity  for  a 
closed  square  tunnel,  especially  if  it  is  adjusted  in  the  ratio  of  the  parameters  S0 
for  the  respective  tunnels.  In  other  words,  a  change  in  tunnel  shape  from  rectangular 
to  octagonal  or  elliptical  is  likely  to  influence  all  the  corrections  by  roughly  the 
same  factor 


M(S„>g 

C(SoR>E  ' 

For  wings  of  high  aspect  ratio  with  part-span  ailerons  in  a  closed  circular  tunnel 
the  correction  to  yawing  moment  is  conveniently  evaluated  by  means  of  Reference  3.50. 
In  the  present  notation 


-AC„  =  <5CB7):  +  (SC„)?  +  (8cpr) 
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(CL)  j  and  (CE)2  denote  the  contributions  to  CL  from  the  win*  incidence  ted  the 
deflected  ailerons  respectively,  sad  j1  <  jy|  <  y2  denotes  the  spanwise  extent  of 
the  ailerons;  the  functions  Pj  .  P2  and  P3  are  foraulated  and  plotted  in  Reference 
3.50.  Stewart  states  that  the  total  correction  is  likely  to  be  a  large  percentage  of 
the  uncorrected  CD  and  aay  even  exceed  it  when  s/R  is  as  large  as  0.8. 


Special  reference  east  be  aade  to  the  illustrative  computation  for  a  complete  swept-  ! 

back  model  with  tailplane  in  a  closed  circular  tunnel  admirably  set  out  in  Tables  III  * 

to  XIII  of  Reference  3.26.  The  spanwise  distributions  of  interference  upwasb  at  quarter  ) 

chord,  three-quarter  chord  and  the  tail  are  shown  in  Figures  7  and  8  of  Reference  3.26.  { 

The  corrections  to  incidence,  drag,  pitch ing-moeent,  rolling-moment  and  yawing-moment  j 

coefficients  resemble*  those  in  Equations  (3.55)  to  (3.59),  (3.62)  and  (3.70),  and  are 
evaluated  in  simple  stages  with  the  aid  of  the  charts  in  Figures  2  and  6  of  Reference  > 

3< 26,  so  that  similar  calculations  for  other  models  are  reduced  to  a  straightforward 
routine.  ' 


3.5.3  Comparisons  of  Methods 

We  first  consider  four  methods  of  calculating  the  principal  correction  to  incidence, 
viz.. 

(i)  Small-wing  method.  Equation  (3.35) 

(ii)  Charts  of  Reference  3. 17.  Figure  3. 16 

(iii)  Reference  3.26.  Equation  (3.55)  with  W  =  cCL!#/CCL 

(iv)  Lifting-surface  theory.  Equation  (3.67) 

The  results  are  compared  in  Table  3. VII  for  fairly  large  models  of  various  planfoms 
in  closed  rectangular  tunnels.  The  wings  are  uncambered  and  without  control  surfaces. 
For  method  (i)  the  factor  A.  is  taken  frem  lifting-surface  theory,  as  given  in  Table 
3.  III.  Whether  these  or  the  more  approximate  values  K  =  Wc  are  used,  it  is  only 
when  cr  <  0. 5  and  cr  <  0. 5h/b  that  the  method  can  always  be  trusted  within  ±10%; 
for  nearly  square  tunnels,  however,  these  conditions  cm  cr  can  be  relaxed  a  little. 

In  most  of  the  examples  one  of  these  limits  is  violated  and  larger  errors  are  found. 
There  is  little  reason  to  use  so  crude  a  calculation  when  the  simple  methods  (ii)  and 
(iii)  exist.  In  method  (ii)  extrapolation  has  been  used  to  cover  b/h  =  0.911  :  in 
method  (iii)  W  =  cCLt/5CL  has  been  taken  from  lifting-surface  theory  and.  as  for 
method  (iv).  Equation  (3.47)  is  used  to  determine  Wj/O  .  Method  (iii)  gives  margin¬ 
ally  better  over-all  accuracy  and  a  root-mean-square  deviation  from  method  (iv)  of 
0.0011  in  Aa/tL  (0.3  degrees  when  CL  =  0.5);  Act  tends  to  be  underestimated  by 
method  (iii),  but  in  the  present  examples  the  error  does  net  exceed  0.5%  of  the 
measured  incidence. 


A  comparison  of  Aa/fcL  for  a  non-rectaagular  tunnel  is  aade  by  applying  Equation 
(3.110)  to  the  illustrative  example  defined  in  Table  III  of  Reference  3.26.  With 
cr  -  s/R  =  0.656  , 

($0)E  =  0. 129 5  for  a  closed  circular  tunnel  from  Figure  3.13 

(S0Jl)E  =  0. 150 5  for  a  closed  square  tunnel  from  Figure  3.9  •  . 

S  =  0. 169s  for  b  =  h  and  fiA  =  5. 11  from  Figure  3. 16 


•  In  Reference  3.26,  (Wj/U^  2S  replace*  i^/O)^  in  Equations  (3.56)  and  (3.70). 
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Therefor*  for  the  square  tunnel 


- )  =  — S  =  0.0842  x  0.169,  =  0.0143  . 

\C,  bh  5 


and  for  the  circular  tunnel  Equation  (3. 110)  becoeses 

3 


Aa 

cT 


AY  0. 129  s  x  0. 
\tt)  0. 150  5 


0143 


-  0.107  x  G 


=  0.0177  -  0.0018  =  0.0159  . 


which  is  in  excellent  agreement  with  the  value  Ao/C,  =  0.0158  in  Table  X  of  Reference 
3.26. 


Me  next  consider  four  aethods  of  calculating  the  residual  correction  to  pitching 
noaent  coefficient,  viz.. 

(i)  aaall-wing  aethod.  Equation  (3.36) 

(ii)  Strip  theory.  Equation  (3.60)  with  factor 

(iii)  Reference  3.20.  Equations  (3.57)  to  (3.59) 

(iv)  Lifting-surface  theory.  Equation  (3.67) 


The  results  are  ccapared  in  Table  3.  VII  for  the  eleven  exaaples  of  wings  at  unifora 
incidence  in  closed  rectangular  tunnels.  Method  (i)  is  by  far  the  siaplest  and  uses 
values  of  the  quantity  A.x/c  free  lifting-surface  theory*  in  Table  3.  III.  As  would 
be  expected  froa  the  behaviour  of  (SQ)g  against  cr  in  Figure  3.9,  both  bxi CL  and 
ACy(CL  are  seriously  undersstiaated  when  b/h  <1.0  and  <r  is  large  and  seriously 
overestlaated  when  b/h  >1.8  and  cr  is  aoderately  large.  For  aany  cases  Equation 
(3.36)  will  suffice  to  show  the  order  of  aagnitude  of  the  residual  correction.  AC^/CL 
aaounts  to  a  forward  soveaent  of  the  aerodynaaic  centre  as  a  fraction  of  the  aean 
chord  5  and  say  not  be  required  to  better  accuracy  than  10.002.  say.  Method  (ii) 
uses  the  formula 


=  (Wg)<»  f 1  i? 

CL  (X*/C)#t  Jo  \OCL/0,7  5 


(3.169) 


where  5  and  IL  are  defined  in  Equation  (3.60),  (\Xj/c)Js  and  (Xxj/c)st  are  taken 
froa  the  last  two  colons  of  Table  3.  III.  The  latter  is  fonulated  in  Equation  (3.61) 
and  the  foraer  is  defined  above  that  equation;  their  ratio  is  an  essential  correction 
factor  in  Equation  (3.169).  Except  for  the  very  broad  tunnels  b/h  >  2  ,  aethod  (ii) 
gives  quite  as  good  accuracy  as  aethod  (iii);  furthermore,  unlike  aethod  (iii).  it  is  /•' 
not  restricted  to  sings  of  constant  sweepback  froa  root  to  tip.  However,  aethod  (iii)  - 
does  not  require  the  quantity  (\x/c )Js  and  involves  only  slightly  aore  computation. 

Its  root-aean-square  deviation  froa  aethod  (iv)  is  as  saall  as  9.0010.  Finally,  froa 
Table  3. VII.  with  the  exception  of  Case  11  (&Cm/CL  -  0.054  cr2b/&Ah)  all  the 


*  Rote  that  Equation  (3.38)  froa  strip  theory  seriously  underestimates  Xxj/c  for  uuwept  wings 
of  moderate  or  saall  aspect  ratio. 


i 
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calculations  in  the  last  coluan  by  aethod  (iv)  satisfy  the  inequality  (3. 155) . 

The  effect  of  compressibility  on  AC^/CL  tends  to  be  greater  than  the  factor  /Tl  ; 
typical  coaparisons  of  aethods  (iii)  and  (iv)  over  the  Mach  number  range  0.4  <  M  <  0.9 
are  shown  in  Figure  3. 19. 

Turning  to  antisyaaetrical  spanwise  loading,  we  now  consider  three  exaaples  of  the 
principal  correction  to  rolling  acaent  coefficient  in  closed  tunnels,  viz., 

(a)  b/h  =  10/7  .  Figure  3.17  based  on  Reference  3.48 

(b)  b/h  =  2  .  Tables  A3  to  A7  of  Reference  3. 18 

(c)  Circular.  Tables  III  and  XIII  of  Reference  3.26 

For  exasple  (a)  the  wings  are  unswept  and  of  high  aspect  ratio;  the  quantity 

0A  *  4  y3cACj 
jSA  SC, 

is  calculated  by  Equation  (3.161),  by  Grahaa’s  aethod3*28  and  free  Figure  3.17.  Equation 
(3.161)  gives 


09a  +  4)CAC, 

4s  2C,  "  64h3 


0.1431^  , 


where,  by  Table  3.  VI.  £0  =  5.0  and  4.0  for  y  =  t  =  0  and  ib  respectively, 
then  the  latter  is  used,  the  following  comparisons  are  obtained  with  results  froa 
Figure  3. 17  for  large  values  of  /9A  . 


BOr  Equation  (9)  of  Reference  3.28  with  taper  paraaeter  K 1  =  0. 8c/c  and  section  lift- 
curve  slope  2? t 


Q3A  +  4)CflC,  _  O.Sh  F|(y2/b)  -  F;(y/b) 
48%,  2trt>  (y/b)2  -  (y/b)2 


(3.170) 


.where 


<  y  <  7,  denotes  the  span  of  an  aileron  and 


is  plotted  for  h/h  =  10/7 


id  a  =  0.68  (0.04)  0.92  in  Figure  5  of  Reference  3.28.  Equation  (3.170)  has  been 
aluated  for  a  =  0.8  to  investigate  the  dependence  of  the  interference  correction 


on  aileron  span 


I 
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y/s 

y?/s 

Equation  (3.170) 

0.4 

0.8 

0.402 

0.4 

1.0 

0.420 

0.6 

1.0 

0.438 

0.8 

1.0 

0.444 

The  results  only  vary  within  ifi%  of  the  value  0. 42  froa  Figure  3. 17. 


Exaaples  (b)  and  (c)  are  for  swept  wings.  In  ezaaple  (b)  Equation  (3.62)  is  evalu¬ 
ated  with  (Wj/0)  0  75  froa  Table  A4  of  Reference  3.18  and  the  lift  slope  BCj/Ba  =  2.80 
and  weighting  f  froa  lifting-surface  theory.  With  A  =  2.64,  yS  =  1  and  tan  =  1. 
it  follows  that  ft  -  0.835  ;  hence  Equation  (3.62)  gives 


C 


l 


0.912  x  0.00315 
0.1413 


=  0.0203 


in  excellent  agreeaent  with  the  value  0.0202  froa  Table  A7  of  Reference  3.18  by  lifting- 
surface  theory.  The  rough  Equation  (3.161)  gives 


AC 


l  _ 


'l 


4h*0SA-r4) 


=  0.01426  £. 


when  /SA  =  2.64  .  b  =  2fc  and  s  =  0.589h  .  For  the  broader  rectangular  tunnels  £0 
varies  greatly  with  wing  span.  The  value  £0  =  1.637  froa  Table  3.VI(b)  gives 
-ACj/Cj  =  0.023  of  the  correct  order.  In  view  of  the  crudity  of  the  approximations 
leading  to  Equation  (3.161)  and  the  difficulty  in  assigning  a  aean  value  to  £0  . 


errors  of  ±20%  are  likely.  But  the  interference  correction  ACj  is  often  so  saall 
that  such  errors  can  be  tolerated.  When  applied  to  exaaple  (c)  for  a  closed  circular 
tunnel.  Equations  (3-161)  and  (3.167)  with  t  =  y  =  s.  give 


AC: 


l  _ 


7X7 


0.00798 


°e  =  se^R  * 


when  cr-  0.656  .  /3a  =  5.11  and 
0.01007  froa  Table  XIII  of  Reference  3.26  when 
reainiscent  of  the  effective  span  ratios  s./s 


Cj  8(/SA+4)(l-c7»)?  (1-o-p2  * 

This  agrees  with  the  reliable  value 


cre  =  0.575  ;  the  ratio 
discussed  below  Equation  (3.41). 


<7e/<7  =  0.88  is 


Finally  we  exaaine  the  interference  corrections  to  yawing  aoaent  coefficient  corres¬ 
ponding  to  the  saae  three  exaaples.  The  staple  expression  in  Equation  (3.164)  is 
evaluated  with  SQ  =  (SQ)g  and  £0  froa  Table  3.VI(b). 


Example 

Tunnel 

a 

<S0>E 

So 

S/C 

-ACn/CLCl 

Eq.  (3.164) 

Original 

(a) 

b/fa  =  10/7 

0.600 

0. 1117 

4.00 

0.0857 

0.0124 

0.0118 

(b) 

b/h  =  2 

G.  589 

1.64 

0.2631 

0.0351 

0.0435 

(c) 

Circular 

0.656 

0.1295 

10.08 

0. 1072 

0.0175 

0.0216 

The  table  cospares  the  approximate  values  of  -Acn/CjCj  with  the  original  values 
from  Figure  3.17,  Equation  (9.8)  of  Reference  3.18  and  Table  XIII  of  Reference  3.26 
respectively.  The  discrepancies  are  as  much  as  20%  for  both  the  swept  wings.  It  is 
instructive  to  calculate  example  (c)  by  the  method  of  Reference  3.50  set  out  in  Equation 
(3.168)  with  a  -  0.656  and  (CL)2  =  0  . 


y/s 

y2/s 

-ac„/cLc, 

0.4 

0.8 

0.0173 

0.4 

1.0 

0.0178 

0.6 

1.0  - 

0.0181 

0.8 

1.0 

0.0185 

The  values  lie  closer  to  that  from  Equation  (3. 164)  than  to  the  result  in  Reference  3.26. 
A  likely  explanation  is  that  the  latter  uses  the  interference  upwash  (w1/0)OJ5  in 
place  of  i(wi/0>o  in  Equation  (3.70),  while  the  quantity  in  Equation  (3.163),  and 
also  In  Reference  3.50,  is  an  approximation  to  z(w1/U)a)  .  There  is  no  reason  for  pre¬ 
ferring  either,  and  the  uncertainty  of  about  ±10%  in  0CQ  may  be  fundamental.  This 
is  demonstrable  in  example  (b).  The  original  calculations  from  Table  Sb  of  Reference 
3.18  used  Equation  (3.70).  except  that  (Wj)e  and  (*t)A  mere  taken  respectively  at 
the  local  centres  of  pressure  of  the  aatisysestrical  and  symmetrical  portions  of  the 
loading.  The  calculation  bss  been  repeated  for  the  particular  aileron  considered  in 
Tables  A3  to  A7  of  Reference  3.18,  not  only  with  Equation  (3.70)  as  it  stands  bet  with 
replaced  by  (Wj/0)0  „  . 


Wj/U 

Local  c.p. 

0.25  chord 

Half  x=co 

Eq.  (3. 16(f) 

-ACa/CLC, 

0.0437 

0.0376 

0.0331 

0.0351 

The  results  convey  the  necessary  warning,  that  is  rather  unreliable. 


3.6  SPECIAL  CONFIGURATIONS 


Two  important  aspects  of  lift  interference  hsve  not  yet  been  considered.  The  first 
of  these  concerns  slender  wings,  whose  span  is  small  compared  with  the  tunnel  breadth 
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and  whose  length  is  of  the  sue  order  as  the  tunnel  height  (Section  3.6.1).  The  second 
important  configuration  is  that  of  wing- bod;  ccwbinations  treated  in  Section  3.6.2 
which  Includes  tail-plane  interference.  Finally  there  are  some  remarks  on  three- 
dimensional  interference  effects  when  the  tunnel  floor  is  used  to  simulate  the  ground 
(Section  3.6.3)  and  when  models  span  the  tunnel  (Section  3.6.4). 


3.6.1  Slender  Viags 

The  vortex  model  of  a  slender  wing  is  represented  in  Figure  3.8(b)  as  a  distribution 
of  lifting  elements  along  a  portion  of  the  x-axis.  Let  L(xQ)  denote  the  lift  on  the 
portion  of  the  wing  0  <  x  <  x0  .  so  that 

1  dL  „ 

- 8x. 

P0dx0  0 


defines  the  doublet  strength  of  the  semi-infinite  vortex  pair  trailing  from  x  =  x„  . 
Then  by  Equation  (3. 13)  the  interference  potential  in  a  rectangular  tunnel  is 


if  dL 

^(x.y.z)  =  -  '/'(x0.x.y. z)  - —  dx  . 

1  477P0  0  dx.  0 


(3.171) 


where 

</r(x0,x,  y.z) 


* _ t 


z-nh 


•mb)2  +  (z-nh)2 


[|  +  {(x-x0)2  +yS2(y-mb)2  +/32(z-nh)2}»l 

(3. 172) 


and  the  integral  is  taken  along  the  length  of  the  wing.  It  follows  from  Equation  (3.171) 
and  integration  by  parts  tbat  tbe  interference  upwash  along  the  axis  of  the  tunnel  is 


(3.173) 


provided  that  L(0)  =  0  :  Equation  (3. 172)  yields 


(x-s,,)2  +  fi2(mV-2n2n2) 

{(x-x0)2+^cmV,'^F? 


(3. 174) 


Berndt3*11  gives  the  theory  for  uncaabered  wings  with  unswept  trailing  edges  in 
closed  rectangular  tunnels.  His  result  for  Wj/G  follows  from  Equations  (3.173)  and 
(3.174)  with  j  =  (~I)n  by  Equation  (3.14)  and  with  tbe  theoretical  slender-wing 
loading 


L(*0)  _  fsCy? 

L  s(cr) 


(3.175) 


where  s(xQ)  is  the  local  semi-span  and  it  is  assumed  that  s(0)  =  0  and  ds/dx0  >  0 
for  0  <  x0  <  cr  .  In  his  final  expression 


•vn^A'' 


rcrrS(x0)i2 

Jo  |s(cr) 

[-WJ 

w  SC 

-1  =  __k  [s  +  5'(x)]  ,  (3. 176) 

u  c 

S0  is  the  parameter  o*n  as  defined  for  a  small  wing  in  Equation  (3.17)  and 


(3. 177) 


1  v  ri  g2  +  (b/h>*2  -  2(h/b)n2 

=  8jt  <_1)  {f2  +  (b/h)m2  +  (h/Wn2}571 

and  F(£)  =  f  ”  f(£)  d£  . 

•o 

Berndt  gives  graphs  of  both  f(g)  and  F(£>  (0  $  g  £  1)  for  the  four  tunnel  cross- 

sections  b/h  =  V2  .  1  .  >/2  and  2  .  It  say  be  noted  that  Ffo)  =  8* 11  ;  there  is 

a  critical  value  of  b/h  above  which  F(£)  ceases  to  be  monotonic.  Equations  (3.176) 

and  (3.177)  also  hold  for  a  closed  circular  tunnel,  when  80  =  0.125  and 

1  f*  (2  — t2)  cos  ut  cos  (u g/n) 

f(fl  '  Wi  I  ' '  ■  (i«t*>*i*7ji[B)  “d"  • 


where  I'  is  the  derivative  of  the  modified  Bessel  function  I x  .  The  interference 
corrections  corresponding  to  the  upwash  angle  of  Equation  (3. 176)  are  easily  formulated 
from  slender-wing  theory.  In  the  present  notation  Berndt' s  expressions  for  the  incre¬ 
mental  corrections  to  incidence  and  pitching  moment  are 


Act  =  ~  [S0  +  5'(cr)] 

v 


(3.179) 


A  useful  approximation  to  Berndt’ s  theory  is  to  replace  £(£)  by  a  constant 
f(0)  =  Sj/C/h  given  in  Equation  (3.16).  Then  Equation  (3.177)  becomes 


i',I>  ' 


(3. 180) 


To  this  approximation  Equation  (3. 176)  can  be  rewritten  as 


(3. 181) 


where  x  =  x  denotes  the  centre  of  lift;  it  may  be  noted  that  Equation  (3. 181)  would 
apply  to  cambered  slender  wings  with  swept  tr*°ing  edges  when  Equation  (3.175)  is 
invalid.  Equations  (3. 179)  are  replaced  hy  the  approximations 


-at. 
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Aa 

AC, 


SCL  3^  p°r  Cr  -  X  ’  s(x)  "  2  dx 
C  3a  1  J0  /3h  s(cr)  c 


{3. 182) 


where  S0  and  S,  are  the  Interference  parameters  discussed  in  Sections  3.2.2  and 
3.2.3  for  all  practical  tunnel  cross-sections;  the  expression  fcr  AC,  is  subject  to 
the  saae  restrictions  on  planforc  as  Equation  (3.175). 


The  numerical  examples  in  Reference  3. 51  concern  triangular  wings  of  aspect  ratio 
A  =  1  in  a  low-speed  closed  duplex  tunnel  (b  =  2h),  and  Berndt  concludes  that  the 
corrections  do  not  differ  very  much  from  the  lifting-line  quantities  given  by  Equations 
(3. 182)  with  S  =  0  .  This  is  largely  a  consequence  of  the  corrections  being  fairly 
small.  Naturally  Equations  (3.182)  as  they  stand  should  be  even  closer  to  Bemdt’s 
values  corresponding  to  Equations  (3.179)  with  S'(x)  from  Equation  (3.177)  and 


>3=1,  b  =  2h  . 


s(cr) 


c  =  {c_ 


3C. 

-k  =  1.3 
occ 


Equations  (3.182)  with  SQ  =  0.1368  .  S  t  =  0.2927  and  x  =  (2/3)cr  give  the  broken 
curves  of  Aa/CL  and  AC^/C^  against  c^h  in  Figure  3.20,  which  lie  very  near  the 
full  curves  obtained  from  Bemdt’s  calculations.  Even  when  cr/h  =  1  ,  the  discrepancy 
in  Aa  is  only  0.3%  of  the  measured  incidence  and  the  discrepancy  in  corrected  aero¬ 
dynamic  centre  is  less  than  0.001cr  .  It  seems  worth  remarking  that  at  a  =  10  degrees, 
when  the  discrepancy  in  Aa  is  0.03  degrees,  the  vertical  displacement  of  the  wing 
from  apex  to  trailing  edge  is  cr  sin  a  =  0. 174h  and  is  beginning  to  be  significant. 
That  is  to  say.  in  rare  instances  when  Equations  (3.182)  cease  to  be  accurate  enough 
because  cr/h  is  large.  Equations  (3.179)  may  well  be  inaccurate  through  the  assumption 
that  the  lifting  elements  are  situated  in  the  place  z  =  0  .  The  latter  defect  would 
require  the  unattractive  remedy  of  replacing  z  in  Equations  (3.171)  and  (3.172)  by 
z-z0(x0)  where  zQ  is  linear  in  x0  . 


When  the  effects  of  compressibility  are  calculated,  there  is  greater  restriction  on 
the  accuracy  of  Equations  (3.182)  without  prejudice  to  Equations  (3.179).  The  function 
f(£)  in  Equation  (3.177)  is  required  over  the  wider  range  |g]  <  cr/(/Vc)  and  the 
approximation  in  Equation  (3. 180)  fails  for  a  smaller  value  of  ct/h  .  If  the  compres¬ 
sibility  factors  of  Table  3.1  are  applied  at  very  high  subsonic  Mach  numbers,  then  both 
the  wing  and  the  tunnel  may  be  regarded  as  slender3* 5 2.  It  is  easily  shown  that.  In 
place  of  Equation  (3.176), 


Wj  2L(x) 
U  ~  pG  *C 


[25c] 


When  (1-M)  is  small,  the  interference  corrections  are  therefore 


(3.183) 


-^saafess^ 


»  TwstratSSODivSOS  IS*  < 


157 


Nevertheless  it  is  difficult  to  envisage  practical  situations  in  which  Equations  (3.183) 
cay  be  used  confidently. 

Beradt  gives  the  drag  correction 


(3. 184) 


This  can  be  justified  either  by  considering  the  momentum  flux  across  a  transverse  plane 
in  the  distant  wake,  with  the  corollary  that  the  vortex  drag  is  independent  of  any 
changes  in  the  chordwise  load  distribution.  Alternatively,  Taylor3*70  has  shown  that 
Equation  (3.184)  is  compatible  with  the  concept  of  normal  pressures  and  a  suction  force 
distributed  along  the  leading  edge.  The  assumptions  of  linearized  theory  are  essential 
to  both  these  arguments. 

Unfortunately  slender  wings  usually  involve  flow  separation  along  the  whole  leading 
edge.  Such  flows,  with  a  free  vortex  sheet  rolling  up  into  concentrated  vortices,  are 
beyond  the  scope  of  linearized  theory;  the  /esults  in  Equations  (3. 179)  or  (3. 182)  and 
in  Equation  (3. 184)  therefore  need  reconsideration.  In  the  absence  of  a  suitable  non¬ 
linear  theory  the  expressions  for  Aa  in  Equations  (3. 179)  and  (3. 182)  will  be  retained, 
but  it  is  dcubtful  whether  those  for  ACB  are  worth  applying.  Equation  (3.184)  needs 
to  be  modified,  since  the  leading-edge  suction  force  disappears  and  the  whole  lift  acts 
normal  to  the  planform.  Even  if  the  wing  is  cambered,  it  seems  reasonable  to  neglect 
the  redistribution  of  lift  associated  with  the  residual  interference  correction  ACB  ; 
then  the  principal  correction  Aa  to  incidence  is  accompanied  by  a  correction 

3C2 

AC„  =  CLAa  =  [8Q  +  5'(cr)]  (3.185) 


by  the  first  of  Equations  (3.179).  Equation  (3-185)  should  therefore  replace  Equation 
(3. 184)  whenever  there  is  extensive  leading-edge  flow  separation. 


3.6.2  Ving-Body-Tail  Combinations 

Many  fundamental  aerodynamic  experiments  requiring  accurate  wall  interference  correc¬ 
tion  are  carried  out  on  wing  models,  but  tbe  majority  of  wind-tunnel  tests  are  made  on 
more  complete  aircraft  models.  Although  rather  lower  accuracy  say  often  be  sought, 
models  of  wing-body-tail  configurations  tend  to  bave  larger  dimensions  relative  to  the 
tunnel,  so  that  wall  interference  remains  important.  The  evaluation  of  interference 
corrections  becomes  more  complicated  in  each  of  its  phases,  vortex  representation, 
interference  upwash  field,  principal  corrections  and. residual  corrections. 

In  the  first  place  there  are  more  unknowns  in  the  vortex  model,  as  the  wing,  body 
and  tail  may  all  carry  lift  and  only  the  total  forces  may  be  measured.  The  usual 
approximation  is  to  ignore  the  body  lift  and  to  take  the  theoretical  spanwise  loading 
along  the  quarter-chord  lines  of  the  wing  and  tail  so  as  to  be  consistent  with  the 
measured  lift  and  pitching  moment.  A  core  detailed  representation  is  of  course  desir¬ 
able.  bat  is  only  practicable  when  there  are  additional  theoretical  or  experimental 
loading  data.  Next,  the  interference  upwash  field  involves  large  ctresawise  displace¬ 
ments  between  the  lifting  elements  and  the  various  parts  cf  the  model,  so  that  It  is 


■MS.  ' 
* 
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inadmissible  to  suppose  that  the  upwash  is  linear  in  x  ;  this  particular  complication 
is  aggravated  by  the  effect  of  compressibility.  Furthermore,  vertical  displacements 
from  the  tunnel  axis  may  no  lodger  be  negligible. 


Then  ther-*  are  corrections  to  measured  Quantities  to  consider,  and  in  this  respect 
it  is  usual  to  treat  the  wing,  body  sad  tail  quite  separately.  The  principal  inter¬ 
ference  correction  Ax  is  still  calculated  from  Equation  (3.55)  where  ('*j/U)0  TS 
now  includes  a  small  contribution  proportional  to  (C.)t  the  lift  coefficient  of  the 
tail  plane.  It  is  also  necessary  to  calculate  a  mean  value  of  the  interference  upwash 
along  the  three-quarter-c^iord  line  of  the  horizontal  tail  surface 


S«t 


(3. 186) 


where  Ut  is  the  local  stresawise  velocity  at  the  tail,  s«.  is  its  semi-span,  and 
Wfc  is  the  weighting  appropriate  to  the  planfora  of  the  tail  surface.  Then  the 
correction 


Axj.  =  Scxj.  -  Ax 


(3. 187) 


may  be  applied  to  the  incidence  of  the  tail  plane.  Alternatively  Equation  (3.187)  may 
be  replaced  by  corrections 


BC. 

II 

«• 

_  L 

ox* 

& cm  = 

_  * 

o 

' 

(Soj  -  Ax) 

. 

(Set*  -  Ax)  i 
w  ( 


(3.188) 


where  3C^/3a^.  and  are  the  experimentally  determined  aerodynamic  derivatives 

with  respect  to  tail  setting.  A  further  correction  must  be  applied  to  the  vertical 
location  of  the  vortex  wake  or  positions  at  which  the  local  flow  is  measured.  The 
wake  displacement  is  obtained  as 


Az  = 


(3. 189) 


where  O'  denotes  tie  local  streaenise  velocity  and  the  integration  is  free  the  trail¬ 
ing  edge  to  the  position  concerned.  This  correction  can  be  particularly  important  when 
the  aerodynamic  characteristics  of  the  tail  are  strongly  influenced  by  body  vortices  or 
trailing  vortices  from  the  wing.  Difficulties  arise  frea  the  lack  of  a  suitably  simple 
lifting- surface  theoiy  for  wing-body-tail  configurations.  Because  the  interference 
upwash  is  interpreted  separately  for  each  component,  the  residual  corrections  are 
liable  to  be  larger  than  usual  and  less  predictable.  This  is  certainly  the  case  when 
wall  interference  effects  at  che  body  are  considered  in  isolation,  as  will  be  discussed 
later. 


In  the  earlier  theories  the  effect  of  the  body  was  neglected.  Glauert  and  Hartshorn 
(Ref.  3. 16;  1924)  were  the  first  to  evaluate  Equation  (3-187).  free  the  simple  result  in 
Equation  (3.40),  viz.. 


-*^sv — 
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X*S,  SC. 

Ax*  =  —  . 

4  ySh  C 

where  x£  is  the  length  of  the  tsil  ara  fro*  the  three-quarter-chord  point  and 
is  the  interference  parameter  for  a  small  wing.  They  essnae  that  the  tail  ara  is  of 
the  saae  order  of  magnitude  as  the  wing  seai-span  and  that  the  dimensions  of  the  wing 
are  small  relative  to  those  of  the  tunnel.  Their  correction  to  tail  setting  bx^  and 
tunnel-induced  downwash  at  the  tail 


=  .  (t 

Wt  v 0  a  ) 


(3. 190) 


are  well  confined  by  experiments  an  the  same  model  in  closed  square  tunnels  of  dif-  ... 
ferent  sizes,  as  shown  in  Figures  3  to  6  of  Reference  3.16  (Figs.  17  and  IS  of  Ref.  3.1). 
Towards  the  end  of  Section  3. 2. 4  with  reference  to  Figure  3.  C,  it  is  shown  that  so 
siaple  a  theory  fails  when  the  tail  ara  x£  is  as  much  as  half  the  tunnel  height. 

The  following  discussion  explains  the  apparent  success  of  this  theory  when  applied  to 
square  tunnels. 

A  more  general  theory  is  described  in  Reference  3. 30,  where  Cowley  and  McMillan 
calculate  bx%  with  allowance  for  wing  span  and  the  non-linear  variation  in  inter¬ 
ference  up  wash  with  streamwise  distance.  For  uniform  spanwise  loading  w£  is  obtained 
from  Equation  (3.30)  without  the  teres  jmj  >  3  and  |n)  >  5  ,  and  the  correction  may 
be  written  as 

SC  sc 

A=t  =  —  (Spc  =  —  [S0(0.s)  +  S'O^.O.s)  -  (S0)0]  .  (3.191) 

C  C 

where  20(y,t)  and  (S0)„  are  given  by  Equations  (3.82)  and  (3.83)  and  5,O0-lxt,O, s) 
corresponds  to  the  increment  in  w1  along  tbe  tail  an.  For  elliptic  spanwise  loading 
they  evaluate 


^  <*{)«  • 


(3. 192) 


»{>•  =  ; £  fM°.«  ♦  ns-\.o.t)  -  {s0ft»„3  0  ji -  (7)  I'  “(7)  • 

Cowley  and  McMillan  showed  that  their  results  for  a  low-speed  duplex  tunnel  differed 
greatly  from  the  simpler  theory  of  Reference  3. 16  when  cr  >  0. 5  .  The  comparisons 
between  (S£)e  ,  (S£)E  and  tne  linear  quantity  xto./h  against  cr  are  reproduced 


in  Figure  3.21  for  tbe  particular  configuration  x£  =  0.8s 
broken  curve  of 


The  additional  mixed- 


=  8W‘,‘-0'0>  =  r(m) 


(3. 193) 


by  Equation  (3.177)  snows  that  for  large  models  wore  than  half  the  error  froa  Reference 
3.16  is  attributable  to  the  approiiaaticn  that  Ao^  is  linear  in  ^  .  Now  for  square 
tunnels,  in  which  the  experiments  of  Reference  3. 16  were  Bade,  the  effects  of  non¬ 
linearity  is  Xj.  and  of  wing  span  are  in  opposition.  This  cancellation  of  errors  aust 
have  played  an  important  part  in  the  otherwise  perfect  experiaental  confiroation  of  the 
siapler  theory  Mentioned  above. 

The  Most  apprehensive  calculations  of  Ao^  for  rectangular  tunnels  are  those  of 
Silverstein  and  White  -.Ref.  3. 32;  1935).  The  body  and  the  tail  loadings  are  ignored 
and  the  wing  is  assumed  tc  have  uniform  s panwise  loading.  The  interference  upwash  in 
the  central  plane  y  =  0  is  calculated  as 


»l  SC,  /  S  \ 
s  _ k  s  ( i  +  }  , 

U  C  0,/ 


(3. 194) 


where  8f  is  a  function  of  cr  =  2s/b  and  the  vertical  location  of  the  wing  and  the 
ratio  Sa/5w  is  obtained  to  a  good  approximation  as  a  function  of  a  ,  x^/^h  and 

the  vertical  locations  of  wing  and  tail.  In  effect  Equation  (3.80)  is  evaluated  exactly 
where  jmj  and  |n|  are  both  less  than  3,  but  the  remainder  of  the  double  series  is 
calculated  to  first  order  in  x  and  t  =  s  .  Extensive  results  are  available  for  four 
different  rectangular  tunnels  in  the  following  charts  of  Reference  3.32. 
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Figure  10 

Figures  15  to  17 
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Figure  11 

Figures  IS  to  20 

Closed 
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Figure  12 

Pigures  21  to  23 

Open 

2 

Figure  13 

Figures  24  to  26 

It  Is  suggested  that  the  values  of  SA/Sw  for  rectangular  tunnels  Bay  suffice  for 
elliptical  tunnels  of  the  saae  breadth  to  height  ratio  and  type  of  boundary,  provided 
that  the  correct  Sw  is  used  in  Equation  (3.194).  For  circular  tunnels  Figure  6  of 
Reference  3.32  would  be  used  in  place  of  Figure  10  or  II  for  &w  ,  and  likewise  for 
elliptical  tunnels  (b  =  2h)  Figures  3  and  4  would  replace  Figures  12  and  13. 

A  different  aetbod  of  calculation  has  been  given  by  Brown3*33.  The  wing  loading  is 
again  represented  by  a  horse-shoe  vortex,  and  the  coaplete  expression  for  the  inter¬ 
ference  upwash  at  the  tail  in  a  closed  rectangular  tunnel  is  given  by 

16778  cc  t 

«*t(y>  =  [*C5'1xt.y-«b  +  s,dt-d-2nh)  -  I&S'^.y-Bb-s^ -d-2nh)]  - 
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-  [W{£’1xt,y  +  s.dt+d)  -  lOS'1xt,y-s,dt+d>]  ,  (3.195) 


1  JE±Z  H*-  '  '  Qp— 


't&SrP* 


where,  as  usual,  denotes  that  (a,n)  takes  all  possible  integral  pairs  except 
(8,0),  f(x,y,z)  is  defined  in  Equation  (3.79).  is  the  length  of  the  tail  an. 

7  is  the  spanvise  distance  along  the  tail,  d  and  dt  denote  the  respective  dis¬ 
tances  of  the  wing  and  horizontal  tail  surface  froa  the  tunnel  floor.  Brovn  writes 
each  double  smstion  in  the  font 


z£  - 1  £ 


B=-S 


and  the  reaainder  R„N  is  evaluated  cn  the  basis  that  W(x,y,  z)  is  a  nearly  linear 
function  of  y  when  7  and  z  are  not  both  ssall;  thU3 
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W(x.  y+s.  z)  -  W(x.  y-c,  z)  *s  —  [f(x.  y+ib,  z)  -  W(x,  y-ib,  z)]  . 
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fcen  j  =  0  .  Equations  (3. 195)  and  (3. 196)  sieplify  to  give 
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where  the  square  bracket  notation  indicates  that,  as  in  the  case  of  an  integrated 
function,  the  value  for  z  =  dt  td  is  to  be  subtracted  froa  that  for  z  =  d^-d  .  A 
few  calculations  for  horizontal  models  (d^  =  d)  in  two  closed  rectangular  tunnels 
b  =  2h  and  b  =  4h  are  found  in  Table  8  of  Reference  3. 33.  A  sore  elaborate  method 
of  computation  for  closed  rectangular  tunnels  is  suggested  by  Sanders  and  Founder  in 
Section  3.4  of  Reference  3.23.  Vhsn  the  tail  spaa  is  appreciable,  an  average  value  of 
is  required  so  that  the  correction  to  tail  setting  becomes 


Aoj.  =  Jf  SctjCy)  d(y/st)  -  &a  . 


(3. 198) 
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Batchelor3*3*,  following  the  aethod  of  Reference  3.32  for  a  centrally  placed  wing 
(d  =  *h)  in  a  closed  rectangular  tunnel  (b/h  =  9/7),  has  devised  a  rough  procedure  for 
est listing  the  incremental  effect  of  superimposed  fillets  to  fora  an  octagonal  tunnel. 
As  an  alternative  estimate,  the  assumption  of  Equation  (3.108)  nay  be  generalized,  so 
that  for  octagonal  tunnels  Equation  (3.194)  is  replaced  approximately  by 


_ 


(3. 199) 


in  which  (SA/Sv)ft  corresponds  to  the  rectangular  tunnel.  The  parameter  Sv  for  a 
centrally  placed  wing  is  identified  with  §0(0,s)  from  Equations  (3.102)  to  (3.104). 

For  off-centre  wings  it  is  shown  in  Reference  3. 34  that  the  fillets  have  negligible 
effect  on  the  variation  of  SCL  $W/C  with  the  vertical  location  of  the  wing.  Therefore 
the  result  for  closed  rectangular  tunnels  from  Reference  3.33* 
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provides  the  increment 
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to  apply  to  the  value  of  $0  (O.s)  from  Equations  (3.102)  to  (3.104)  for  use  in  Equate- 
(3.199).  The  quantity  (SA/SW)R  may  be  evaluated  as  ~  1  ,  vhere  St  and 

are  defined  in  Equations  (3.197)  and  (3.200).  The  factor  /(bh/Q  in  Equation  (?.  199) 
is  rather  speculative  when  xt  is  large,  and  indeed  is  not  required  in  the  limit  as 

—  cc  when  SA  =  §w  whatever  the  tunnel  section.  However,  i*  "ay  be  noted  from  the 
results  is  Table  3  of  Reference  3.34  and  Table  4  of  Reference  3.  that  the  fillets 
appear  to  have  greater  percentage  influence  on  Wj  at  the  tail  than  on  w1  at  tbe 
wing,  so  that  the  factor  /(bh/C)  greater  than  unity  is  compatible. 

Several  papers  have  been  published  on  tunnel -wall  corrections  for  wing-body  combina¬ 
tions.  smith3*53  considers  a  circular  body  concentric  with  a  closed  circular  tunnel. 


•  S,  =  from  tbe  bottom  equation  oc  p.4  of  Reference  3.33.  since  tbe  lift  coefficient 
k£,  *  jCi  was  need  in  tbe  definition  of  . 
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represents  the  lifting  wing  by  &  horse-shoe  vortex,  and  solves  the  two- dimensional 
problem  in  the  plane  of  the  bound  vortex  x  =  0  subject  to  tangential  flow  at  the  two 
circular  boundaries.  The  resulting  Infinite  sequence  of  image  vortices  is  shown  to 
give  rise  to  an  interference  upwash  that  may  be  up  to  twice  as  great  as  for  the  wing 
alone.  Gorgui3'5*  gives  closed  expressions  for  the  series  in  Reference  3.53  by  a 
method  of  conformal  transformation  and  also  derives  analytical  results  men  the  circular 
body  is  sywetrically  placed  in  any  closed  rectangular  tunnel.  In  most  of  his  numerical 
examples  the  interference  upwash  at  the  wing-body  junction  is  practically  twice  what  it 
would  have  been  in  the  absence  of  the  body.  Loos3,21  has  treated  the  same  problem  for 
a  closed  octagonal  tGnnel  with  an  elegant  approximation  to  the  influence  of  the  fillets, 
and  he  points  cut  that  the  interference  effects  have  to  be  interpreted  as  a  principal 
correction  to  lift  in  respect  of  the  vortex  pairs  added  within  the  body  cn  account  of 
the  tunnel  boundary.  In  consequence  there  is  the  excessive  residual  interference  vjw ash 
at  the  wing  that  would  be  likely  to  disturb  the  stalling  characteristics  of  the  model. 
Saith  and  Gcrgui  conclude  wrongly  that  their  results  cast  considerable  doubt  on  the 
practice  of  applying  the  corrections,  such  ss  Equations  (3. 186)  to  (3. 188)  to  measure¬ 
ments  on  wing-body  combinations.  There  nay  be  uncertainty  as  to  the  interference  flow 
field  associated  with  body  lift,  but  this  merely  requires  a  few  point  concentrations  of 
lift  distributed  along  the  body  and  the  uncertainty  is  purely  one  of  representation. 

Proa  knowledge  of  the  interference  field  it  is  a  retrograde  step  to  treat  the  body  in 
isolation.  The  principal  correction  to  lift  in  respect  of  the  added  vortex  pairs  is 
illusory  or  at  least  highly  undesirable.  Instead  the  principal  corrections  Aa  and 
Ac^.  should  be  applied,  and  the  difficulties  of  interpretation  may  then  be  confined  to 
the  much  scalier  residual  interference  upwash  (Wj/D)  -  Ac  in  the  presence  of  the 
complete  model. 
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3.6.3  Interference  on  Sroaad  Effect 


The  discussion  of  off-centre  models  towards  the  end  of  Section  3. 4. 1  includes  a  brief 
reference  to  ground  effect.  Figure  3. 11  shows  some  results  from  Reference  3. 33  for 
uniformly  loaded  wings  in  a  closed  duplex  tunnel  as  tbs  model  is  displaced  towards  the 
floor  of  the  tunnel.  The  primary  effect  on  the  mean  interference  parameter  ($0)D  is 
the  increasing  contribution  from  the  principal  image  in  the  floor.  When  the  floor  is 
used  tc  simulate  the  ground,  this  effect  ceases  to  be  part  of  the  wall  interference 
and  the  remainder  (&0)C{  falls  rapidly  to  zero  as  the  model  approaches  the  ground 
(d  =  0)  and  the  other  images  tend  to  cancel  out.  The  effect  is  illustrated  by  the 
removal  of  the  contribution  from  tbe  principal  image  in  Equation  (3.200).  The  remainder 
represents  the  upwash  interference  parameter  at  tbe  centre  y  =  0  of  the  uniformly 
loaded  wing  with  ground  simulation 


Swg  = 


b 

26s 


Shd* 


7rs(s2  +4dz) 


2  Wd 
-  sin3  — 


V 


cotb 


.  77(bm+s) 


2b 


77d 


/  .  77(bm  +s)  ,  t 

/  .sinh3 -  +  sin*  ~ 

2h  h 


(3. 202) 


which  is  seen  to  be  0(d!)  as  d  -  0  .  ^pically,  with  d  =  0. 25h  in  Figure  3.  ij. 
($c)n5  is  smaller  than  ($0)0  by  an  order  of  magnitude  and  is  not  required  to  great 
accuracy.  Even  for  wings  is  tbe  centre  of  oblong  tunnels  (b  =  0.25b  and  h  =  0.50b), 
Brown  calculates  small  maximum  values  of  !(S0)(<  -  (S0)lj{|  in  Figures  2  and  3  of 
Reference  3.33  (0.013  and  0.005  respectively),  so  that  it  should  be  unnecessary  to 
consider  elliptic  spanwise  loading  when  d/h  is  fairly  small. 
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Sanders3,55  has  derived  &  fairly  staple  expression  for  the  sew  upwash  interference 
alone  a  uniformly  loaded  lifting-line  model  in  a  closed  rectangular  tunnel.  The  correc¬ 
tion  to  incidence  with  ground  sieulation  is 
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and  the  first  ten  on  the  right  band  side  is  identified  with  Equation  (3.63). 
of  (S0)C(?  are  available  in  Tables  5  and  S  of  Reference  3.33  vnich  require  the  factor  \ 
and  in  Figure  3  of  Reference  3.55  where  the  ordinate  is  ten  tines  too  large.  Some  of 
the  results  are  collected  is  Figures  3.22  and  3.23  for  the  three  shapes  of  tunnel, 
h/b  =  0. 25  .  C.  35  and  0. 50.  Figure  3. 22  shows  the  effect  of  aodel  span  for  two  height 
ratios  d/fc  =  0. 5  and  0. 2  .  and  Figure  3. 23  shows  the  effect  of  aodel  height  for  cr  =  o 
and  0.6.  The  series  in  Equation  (3.203)  only  converges  rapidly  when  (h-2ci)  is  saall, 
but  the  alternative  expression,  derived  la  Equation  (A-3)  of  Appendix  A  of  Reference 
3.55,  is  quite  suitable  for  the  saaller  values  of  d  .  Sanders  also  foraulates  the 
Bidewash  interference  with  alternative  expressions  suitable  for  the  two  ranges  of  d  . 
The  images  of  the  bound  vortex  induce  a  velocity  parallel  to  the  tunnel  axis,  and  the 
average  value  of  this  stream- velocity  correction  over  the  span  of  the  wing  is  obtained 


as 
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+  {(2nh-2d)2  +  (m-CT)2b2}*  -  2{(2nh-2d)2  +  m2b2}*3  .  (3.204) 

The  slow  convergence  of  this  double  series  is  discussed  fully  in  Appendix  A  of  Reference 
3.55  where  Equation  (3.204)  is  reformulated  for  computation  in  the  two  casss  when  (2h-d) 
or  d  ia  small.  The  calculations  for  h  r  9. 35b  indicate  that  (C/SCL)eCf  can  be 
considerably  larger  than  (Sg)^  .  Equation  (3. 204)  shows  that  eCt  =  0(d)  as  the 
model  approaches  the  simulated  gi  ound.  For  the  larger  values  of  d  ,  however.  eCf 
can  be  quite  as  ieportant  as  the  usual  blockage  corrections  discussed  in  Chapter  V, 

But  the  cotpressibility  factor  is  only  /3*1  as  compared  with  (5"3  for  solid  blockage. 

As  regards  interference  on  ground  effect  at  the  tail,  the  parameter  Scc^'y)  is 
given  fcy  Equation  (3. 185)  with  the  last  term  omitted.  Since  T  is  as  even  function 
of  z  .  it  follows  that  Sagg  is  unaltered  if  the  vertical  locations  of  the  wing  and 
tall  are  interchanged.  However,  the  interference  at  the  wing  is  different  in  the  two 
cases,  and  so  therefore  is  the  correction  to  tail  setting 


Aatg  =  £  -  Aeg 


The  evaluation  of  Aats  is  discussed  further  in  Reference  3.33. 


(3.295) 


Irrespective  of  tunnel  shape,  the  interference  corrections  on  ground  effect  sre 
readily  deduced  froa  those  for  off-centre  Models.  The  reaarkc  on  closed  octagonal 
tunnels  involving  Equations  (3. 199)  and  (3. 201)  say  be  helpful,  but  it  is  acre  straight¬ 
forward  to  estiant6  the  correction  to  incidence  as 


where 


^®g  ~  • 


(3.206) 


is  defined  by  Equation  (3.203)  for  the  basic  rectangular  tunnel  and  the  paraaeter  (8Q)X 
for  cn  octagonal  tunnel  is  found  from  the  epproxleste  Equation  (3.1(17).  When  the  origi¬ 
nal  working  section  is  circular,  experiments  on  ground  effect  require  the  insertion  of 
a  ground  plate  and  the  tunnel  is  effectively  of  bipolar  3hape.  The  paraaeter  (S' 
has  been  derived  for  open  and  closed  circular  tunnels.  In  Section  12  of  Reference  3*14, 
Kbndo  has  given  the  general  expression  (S')  sad  tabulated  results  in  Table  IS  in 
particular  esses  when  the  acdel  lies  along  the  horizontal  diaaeter  of  the  open  circular 
bouj-iarj.  Albritton  sad  Buoer3*56  give  an  analytical  expression  for  the  distribution 
[S0(y.s)]g  along  the  spaa  of  a  norse-shoe  vortex  in  a  closed  circular  tunnel  with 
ground  plate.  The  results  ia  Figure  9  of  Reference  3.56  for  s  =  0.62R  and 
0.11  <  d/s  <  0.41  correspond  to  the  range  0.002  <  (80)Uf  <  0. 028  based  on  the  area 
of  the  complete  circular  section.  Again  (50>c  is  an  order  of  Magnitude  saaller  than 
the  contribution  froa  the  ground  plate 
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3.6.4  Models  Spasming  Closed  tanU 


!e  shall  consider  two  investigations  in  which  two-diMensicaal  Models  hare  been  tested 
under  conditions  when  wall  interference  is  tfaree-diMensionsl.  The  first  configuration 
of  an  unswept  wing  in  a  closed  circular  tunnel3 -‘2  has  already  been  Mentioned  in  Section 
2. 2.S  and  at  the  end  of  Section  3.4.3.  The  other  configuration  is  of  a  swept  wing  span¬ 
ning  a  closed  rectangular  tunnel3’57.  In  each  case  the  practical  preblea  is  to  determine 
whether  pressure  Meaujreaeots  at  the  centre  section  can  he  corrected  to  two-diaenslonal 
vclues. 

The  analysis  of  Viacenti  and  Grab  a*  is  based  on  their  Manipulation  of  Equation  (3. 127) 
with  y  =  Q  1e  Appendix  A  of  Reference  3.42.  Hence 
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Since  the  spec  wise  loading  is  approximately  constant,  LN  is  replaced  by  elements 
ipg*i(y.g}  SzK  Sjh  is  Equation  (3.207)  and  the  total  downwash  along  the  centre  line 
becomes 
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special  care  has  been  taken  with  the  integration  across  yH  =  0  (Ref.  3. 42).  In  general 
the  integral  equation  (3.208)  wcnld  have  to  be  solved  for  the  chordwise  load  distribu¬ 
tion  Z(Xg)  with  w(x)/D  corresponding  to  the  camber  line  of  the  wing.  But  the 
approximation  is  mads  that  terms  of  order  [(x-x,)/^]3  and  higher  are  negligible, 
ao  that  only  p  =  0  is  retained  and  Equation  (3. 208)  reduces  to 
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To  this  approximation  the  sal]  interference  is  precisely  that  which  *ould  arise  in  a 
two-dimensional  tunnel  of  height  1.688R,  Hy  a  corresponding  treatment  the  interference 
to  the  stream  velocity  is  precisely  the  solid  blockage  of  the  name  model  in  a  two- 
dimensional  tunnel  of  height  1. 5S8R.  The  interference  corrections  are  thus 
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where  CLL  and  CkL  are  the  local  lift  coefficient  and  pitching  moment  coefficient 
about  the  quarter-chord  axis  and  there  are  additional  terms  to  account  for  blockage 
effects  in  Stations  (51)  and  (52)  of  Reference  3.42. 


The  analysis  for  the  swept  wins  spanning  a  rectangular  tunnel  in  incompressible  flow 
is  more  straightforward.  Again  the  sponwise  loading  is  taken  to  be  uniform,  but  it  ,’s 
represented  siaply  by  a  bound  vortex  along  the  quarter-chord  line.  Daanenberg3-57 
gives  the  interference  upwash  at  the  centre  section  in  the  form 
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As  a  result  of  the  swept  lifting  line  the  interference  velocity  also  has  streamwise 
and  sldewash  coaponents  which  are  formulated.  The  final  correction  to  incidence  at 
y  =  0  is 

k  C 

Aa  =  - LJik_  (3.212) 

1  +  k„C, , 

2  LL 

where  kj  =  0.43°  and'  ka  =-0.084  for  the  sweepback  A  =  45°  . 

Figures  3.24(a)  and  3.24(b)  show  the  uncorrected  and  corrected  curves  of  C,L 
against  a  fro*  the  respective  investigations.  In  Reference  3.42  the  corrections  of 
Equations  (3.210)  are  applied  with  further  allowance  for  solid  blockage  to  ne as ur meets 
on  two  sizes  of  model.  c/R  =  0.71  and  1.25  ,  in  low-speed  flow.  The  corrected 
results  in  Figure  3.24(a)  collapse  on  to  a  single  curve  apart  froa  uncertainties  sear 
■axiwus  lift,  and  Vlncenti  and  Graham  also  find  satisfactory  agreement  between  the  two 
corrected  curves  of  C>L  against  CLL  .  In  Reference  3.57  the  experimental  lift  curve 
is  corrected  by  Equation  (3.212)  and  Caspar ed  with  that  for  an  unswept  wing  of  the  same 
NACA  63  j-012  aerofoil  section  normal  to  the  leading  edge  with  the  s  ->le  sweep  factor 
cos  A  .  The  agreement  in  Figure  3.24(b)  is  remarkably  good,  and  th*.  corrected  experi¬ 
ments  in  Reference  3.57  also  give  satisfactory  comparisons  with  the  pitching  moment 
and  wake  drag  of  the  unswept  aerofoil.  Both  configurations  can  be  justified  as  means 
cf  estimating  two-dimensional  flow. 


3. 7  EXPERIMENTAL  CONSIDERATIONS 


Although  the  study  of  wind-tunnel  wall  interference  arose  directly  from  experiment, 
it  rapidly  became  a  source  of  absorbing  mathematical  problems.  In  some  respects  the 
ensuing  theoretical  developments  have  outstripped  the  needs  of  many  experimenters  to 
whom  wall  interference  is  one  of  several  corrections  to  be  applied;  these  and  other 
factors  set  a  limit  to  the  accuracy  of  the  investigation.  Moreover,  there  are  types 
of  experiment  in  which  the  air  flow  is  so  complicated  that  only  the  principal  inter¬ 
ference  corrections  are  likely  to  have  significance.  Flow  separation  due  to  high 
incidence,  leading-edge  sweepback,  strong  shock  waves  or  bluffness  of  the  model  occur 
in  most  programmes  of  wind-tunnel  testing.  Any  one  of  these  may  cause  serious  viola¬ 
tion  of  the  linear  assumptions  implicit  in  the  preceding  formulae.  The  remarks  in 
Section  3.7.1  concern  the  experimental  evidence  of  wall  interference  at  the  stalling 
incidence.  Other  aspects  of  separated  flow  fora  the  subject  of  Chapter  VII. 

Naturally  the  precision  of  calculated  Interference  parameters  is  far  greater  than 
that  of  any  experimental  verification  of  the  underlying  theory.  The  available  informa¬ 
tion  for  closed  and  open  tunnels  is  summarized  in  Sections  3.7.2  and  3.7.3  respectively. 
Although  much  of  the  material  is  inconclusive,  the  results  have  some  practical  interest. 
It  is  pertinent  that,  especially  for  open  tunnels,  there  is  more  evidence  of  under¬ 
estimation  than  Gverestlmation  of  Interference  effects.  Neglect  of  streamline  curvature 


Is  perhaps  more  prevalent  than  it  should  be.  Simple  approximations  cov >r  this  and 
other  refinements,  and  there  can  be  little  justification' for  ignoring  them. 

3.7.1  High  Lift 

There  are  man;  factors  to  complicate  vail  interference  cn  vings  at .high  lift.  The 
attitude  of  the  aodel  say  introduce  off-centre  effects  due  to  vertical  displacement. 

If  the  chord  of  the  ving  is  large,  the  wing  and  its  principal  image  in  a  closed  roof 
will  represent  a  divergent  passage  and  so  tend  to  cause  flow  separation  from  the  upper 
surface  of  the  wing.  The  high  lift  will  icciease  the  magnitude  of  spanwise  variations 
in  interference  upwash  and  the  chordwise  variation  known  as  streamline  curvature.  The 
residual  effects  of  these  cn  the  stalling  characteristics  of  the  wing  are  usually 
unpredictable,  but  could  be  important.  Furthermore,  the  t railing-vortex  system  cay 
suffer  pronounced  distortion  at  high  incidence,  and  so  may  the  boundary  of  cn  open  jet. 
All  these  uncertainties  leave  little  confidence  in  the  standard  interference  corrections. 

dauert  (Ref.  3.1,  p.  38)  gives  a  clear  Qualitative  picture  of  the  effect  of  spanwise 
variation  of  interference  upwash  on  the  stalling  of  lifting-line  oodels  of  large  span. 

A  wing  of  elliptical  planfora,  having  a  constant  effective  incidence  throughout  the 
span,  can  be  expected  to  develop  a  tip  stall  in  a  closed  tunnel  and  a  root  stall  in  an 
open  tunnel.  A  rectangular  wing  normally  stalls  at  the  root  where  the  effective  inci¬ 
dence  is  greatest;  in  &  closed  tunnel  the  interference  upwash  at  the  root  will  often 
be  less  than  the  weighted  mean  Aa  so  that  the  corrected  stalling  incidence  is  strictly 
too  high,  and  the  reverse  is  true  in  an  open  tunnel.  Conversely,  with  the  correction 
Aa  ,  a  highly  tapered  ving  of  large  span  in  a  closed  tunnel  should  exhibit  conservative 
stalling  characteristics,  while  tests  in  an  open  tunnel  should  be  unduly  optimistic. 

In  the  derivation  of  the  interference  corrections  in  Section  3.3.3  it  is  mentioned 
that  the  correction  to  incidence  Aa  is  in  a  sense  quite  arbitrary.  It  is  convenient 
to  choose  it  so  that  Ac^  =  0  ;  if  some  other  value  of  Aa  were  taken,  the  residual 
corrections  would  be  different,  but  within  the  framework  of  linearized  theory  the 
corrected  aerodynamic  data  would  be  consistent.  Such  considerations  no  longer  apply 
near  the  stall,  and  the  theory  of  wall  interference  is  incapable  of  determining  the 
effect  of  wall  constraint  on  maximum  lift.  Therefore  Bradfield,  Clark  and  Fairtborne3-59 
carried  out  an  experimental  investigation  of  (C,JaRZ  on  rectangular  wings  of  various 
sections  in  different  sizes  of  tunnel.  Their  results  in  closed  rectangular  tunnels 
satisfy  the  empirical  negative  correction 

A(Cl)rm  =  -0.76  S/b?  ’  (3.213) 

within  ±0.005,  tut  there  is  no  systematic  evidence  of  any  corresponding  correction  in 
aa  open  circular  tunnel.  Although  Equation  (3.213)  would  appear  to  be  consistent  with 
the  expected  higher  stalling  incidence  in  a  closed  tunnel,  a  further  series  of  experi¬ 
ments  by  Adamson,  Piper  and  Brown3 *5>  on  rectangular  wings  revealed  no  evidence  of 
systematic  wall  interference  on  maximum  lift.  They  suggest  that,  if  full  account  of 
wake  blockage  were  taken  in  Reference  3. 58,  the  correction  to  <CL)BM  would  practic¬ 
ally  disappear.  Furthermore,  tests  in  Reference  3. 59  with  off-centre  models  show  little 
effect  on  •  Since  wake  blockage  can  usually  be  neglected  in  open  tunnels 

(Section  5.5.3).  the  results  of  Reference  3.58  for  closed  and  open  tunnels  become 
compatible. 
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A  convincing  quantitative  study  of  the  effect  of  spanwise  variation  of  interference 
upwash  has  been  published  by  Stewart  (Ref. 3. 60;  1S41).  who  considers  a  large  lifting¬ 
line  model  with  elliptic  spanwise  loading  in  two  closed  circular  tunnels.  The  inter¬ 
ference  upwash  at  the  wing  root  on  the  tunnel  axis 

SC, 

(V^r  * 


correction  has 
;nce  at  the  wing 


(3.214) 


- * - 1 - i.  =  0.047  and  0  207 

SCL/C  ' 

for  <r  =  0. 77  and  0. 93  respectively.  In  the  two  corresponding  experiaents  on  an 
elliptical  planform  of  aspect  ratio  5.88  the  tip  stall  was  observed  carefully  with 
tufts  to  occur  suddenly  at  corrected  incidences  a  =  17. 3°  ana  15. 1°  respectively. 
Figure  3.25  shows  the  results  and  indicates  how  perfectly  Equation  (3.214)  accounts 
for  the  difference  in  stalling  angle.  It  also  illustrates  two  important  conclusions, 
that  the  correction  to  stalling  angle  is  unlikely  to  be  large  unless  cr  >  0.8  ,  and 
that  no  deductions  about  (CL)  can  be  made;  the  larger  observed  (CL)sax  corres¬ 
ponds  to  the  lower  stalling  angle.  Some  additional  information  for  a  closed  elliptical 
tunnel  (b/h  =  1.37)  is  found  in  Reference  3.40. 


is  independent  of  cr  -  s/R  .  and  it  is  supposed  that  this  incremental 
been  applied  to  the  incidence.  Stewart  obtains  the  residual  interfe; 
tip 
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Davis  and  Sweberg3,<sl  have  studied  interference  effects  in  an  open  circular  tunnel 
by  comparisons  of  full-scale  tunnel  and  flight  measurements  of  maximum  lift  for  a 
c caplets  aircraft.  The  experiments  are  complicated  by  the  large  size  of  the  aircraft 
and  the  high  (CL)aax  -  1.99  obtained  in  flight  vita  flaps  and  landing  gear  extended.  . 
With  these  retracted,  (CL)BfU  =  i.  35  and  1.39  are  deduced  frca  tunnel  and  flight 
respectively,  when  allowance  is  made  for  Reynolds  number  and  time  rate  of  change  of 
incidence.  In  the  landing  condition,  however,  the  corresponding  tunnel  result 
^ct»*sax  =  1-8®  *s  83  suck  03  19  below  the  value  in  flight.  Half  this  discrepancy 

has  been  explained  by  two  unusual  corrections.  The  first  is  associated  with  a  large 
spanwise  variation  in  dynamic  pressure  ahead  of  the  aircraft  due  to  a  distortion  of 
the  circular  jet;  weighted  in  accordance  with  the  spanwise  loading,  this  gives  a  large 
negative  correction  to  iho  dynamic  pressure  and  an  increment  of  0.05  in  (CL)aax  .  A 
second  correction  of  A(C.  )_„,  =  0.05  is  3tated  to  arise  from  the  negative  caaber 
associated  with  streamline  curvature;  a  corresponding  increment  of  0.03  eliminates  the 
small  discrepancy  in  (CL)Bts  with  flaps  and  landing  gear  retracted.  The  only  firm 
conclusion  is  that  the.  area  ratio  S/C  of  the  planform  tc  the  jet  should  be  well 
below  0.2.  It  would  be  realistic  to  impose  restrictions  S/C  <  0.10  for  open  tunnels, 
3/C  <  0.15  for  closed  tunnels,  and  never  to  assume  better  accuracy  than  ±0.02  in 
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3.7.2  Closed  Tunnels 


Sr'ucfc  of  the  theory  of  wall  Interference  in  closed  tunnels  is  no*  accepted  without 
question.  Nevertheless,  experimental  checks  on  the  theoretical  formulae  for  Aa  and 
AC’d  for  wings  of  high  aspect  ratio  are  important  in  the  historical  development  of  the 
subject,  in  Figures  11  and  12  of  Reference  3.1.  Glauert  sesearizes  the  experiments  of 
Cowley  and  Jones3 * 62  on  a, biplane  model  of  span  3  ft,  tested  in  closed  square  tunnels 
of  side  4  ft  and  7  ft.  Glauert  applied  the  correctibns  of  Equation  (3.6)  with  SQ  -  (SQ) 
to  bring  the  lift  and  drag  curves  from  the  two  tunnels  into  satisfactory  agreement.  He 
also  describes  the  results  of  experiments  by  Higgins3-63  on  three  rectangular  wings  of 
aspect  ratio  6  (cr  ^  0.6)  at  constant  Reynolds  number  in  a  closed  circular  tunnel; 
after  trying  several  empirical  corrections  without  success,  Higgins  concluded  that  the 
theoretical  formulae  (80  =  0. 125)  gave  the  best  correlation. 


In  later  experiments  the  method  of  analysis  is  to  determine  eagiirically  the 
corrections 


Aa  =  Sa  SCL/C  i  - 

>  (3.215) 

=  5d  ‘ 


that  reconcile  the  measurements.  It  is  instructive  to  compare  the  results  with  the 
theoretical  values  from  Equations  (3.85).  whence 


J 


(3.  216) 


where  51/SQ  is  given  in  Figure  3.4  for  rectangular  tunnels.  Three  examples  are 
taken  for  square  tunnels. 


Scarce 

a 

A 

Experiment 

Theory 

_ ! 

5« 

SD 

Sa 

SD 

Reference  3. 8.  Case  I 

0.4C 

4 

0.140 

0. 140 

0. 152 

0.140 

Reference  3.8,  Case  I 

0.60 

6 

0.142 

0. 125 

0.160 

0. 147 

Reference  3.64.  Test  20 

0.75 

6 

0.170 

0.17? 

•0. 175 

G.  158 

In  the  last  example  the  experimental  SD  varied  from  0. 15  to  0. 19.  The  tabulated 
results  represent  a  reasonable  confirmation  of  the  theory. 

The  investigation  of  Sivells  and  Deters3-*7  justifies  the  use  of  part-span  models 
in  a  closed  circalar  tunnel  with  a  reflection  plane.  Figure  3. 15  illustrates  the 
reduction  in  lift  interference  when  a  naif-wing  model  is  used.  The  rolling  moments 
due  to  aileron  deflection  f  will  also  have  to  be  corrected  to  conditions  of  anti¬ 
symmetries!  spanwise  loading,  as  discussed  briefly  in  Section  3. 3. 6. .  Furthermore, 
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if  a  part-spas  model  is  used,  there  will  be  a  third  correction  to  alio*  for  the  change 
in  planform.  In  the  example  of  Reference  3.47,  sketched  in  Figure  3.26,  these  correc¬ 
tions  are  respectively 

ACj  =  -0.0816  Cj 

and  factors  0.949  and  0.934,  vhich  combine  to  give  a  free-streaa  rolling  moment 
coefficient 

(Cj)p  =  0.814  C2  . 

The  success  of  this  large  correction  is  illustrated  in  Figure  3.26,  where  corrected 
results  {+)  from  the  part-model  test  at  a  Reynolds  number  RN  =  8.9  x  106  are  com¬ 
pared  with  the  full  curve  against  g  from  experiments  on  a  complete  model  at 
RH  =  4.7xl06. 

Reference  3.4  sets  out  to  pat  wall  interference  and  scale  effect  into  perspective. 
Table  5B  (Ref.  3. 4.  p.  45)  illustrates  how  the  two  corrections  say  often  oppose  each 
other  when  the  tunnel  boundary  is  closed.  It  may  be  typical  that  the  wall  interference 
corrections  to  aerodynamic  forces  and  moments  due  to  incidence  are  as  important  as 
corrections  to  full-scale  Reynolds  number.  On  the  other  hand,  the  characteristics  of 
deflected  control  surfaces  are  likely  to  be  influenced  less  by  wall  interference  than 
by  scale  effect;  the  case  of  rolling  moment  on  a  part-span  or  half  model  is  a  notable 
exception. 

3.7.3  Open  Tunnels 

Because  open  tunnels  were  used  extensively  during  the  period  in  which  the  theory  of 
wail  intjrference  was  developed,  more  attention  has  been  given  to  the  experimental 
verification  of  the  theory  for  open  and  semi-closed  tunnels  than  for  completely  closed 
tunnels.  Knight  and  Harris3-65  have  tested  three  rectangular  wings  of  aspect  ratio  5 
with  span  ratios  <r  =  0. 45,  0. 60  and  0. 75  in  four  open  tunnels  of  circular,  rect¬ 
angular  (b  =  b/2)  and  oval  section  (b  =  h/2  and  b  =  h  with  circular  sides).  Their 
analysis  follows  Equations  (3.215)  on  the  assumption  that  the  results  in  the  circular 
tunnel  can  be  extrapolated  to  zero  interference.  In  the  present  theoretical  analysis 
Equation  (3.216)  Is  used,  but  8j/50  is  now  defined  by  Equation  (3.31)  with  8f2)/8<2) 
from  Pigure  3.4.  The  comparisons  in  Figure  3.27(a)  for  the  open  circular  tunnel  are 
reasonably  satisfactory.  There  is  further  experimental  confirmation  of  the  theoretical 
lift  interference  in  open  circular  tunnels  published  by  Tani  and  Tains3-66;  in  Figure  3 
cf  Reference  3.66  they  make  allowance  for  streamline  curvature  and  obtain  consistent 
lift  and  drag  curves  for  three  rectangular  wings  (cr  -  0.5,  0.6,  0.7)  of  aspect  ratio  5. 
The  results  of  Reference  3.65  are  less  convincing  for  the  rectangular  and  oval  sections, 
but  experimentally  -5a  tends  to  be  larger  than  -53  and  the  difference  indicates  the 
order  of  magnitude  of  the  streamline-curvature  correction.  Figure  3.27(b)  compares  the 
experimental  results  for  the  oval  tunnel  (b  =  h/2)  with  calculations  based  on  Equations 
(3.216)  and  the  approximate  theory  of  Sanuki  snd  Tani  in  Section  HI  of  Reference  3.35 
for  the  particular  open  boundary. 

The  investigation  of  van  Schlier-tett3-8  is  particularly  interesting.  Hot  only  does 
he  give  a  satisfactory  confirmation  of  the  theoretical  interference  perimeters  for  an 
open  square  tunnel,  but  obtains  experimental  results  that  contradict  the  theory  of 
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Reference  3.6  for  a  agave  jet  with  solid  side-wells  (type  (4)  is  Section  3.2.2)  and  s 
square  jet  with  one  solid  horizontal  boundary.  The  double  achievement  of  detecting 
two  theoretical  errors  by  experimental  means  and  correcting  both  successfully  deserves 
special  mention.  Other  results  for  semi-closed  tunnels  are  found  in  the  experiments 
described  by  Tani  and  Taima  in  the  second  part  of  Reference  3. 66  for  a  circular  boundary 
having  a  symmetrical  closed  portion  below  the  model.  The  related  theory  is  discussed 
briefly  in  tt'  fourth  paragraph  of  Section  3.4.3;  Kondo  has  applied  his  theory  to  the 
experiments  of  Reference  3. 66  and  obtains  very  consistent  lift  and  drag  curves  in 
Figures  13(a)  oad  13(b)  of  Reference  2. 14  for  three  sizes  of  model  and  fi7e  amounts  of 
closed  portion.  For  cr  =  0.5  he  confirms  the  elimination  of  lift  interference  when 
the  lower  38.5%  of  the  circle  is  closed. 

In  Reference-  3. 67,  Silverstein  ted  Xatzof f  describe  tests  on  rectsngnl v  wings  in  a 
full-scale  open  circnlv  tunnel  and  in  a  1/15-scale  model  of  the  tunnel.  The  assumption 
that  the  free  jet  is  of  infinite  length  is  shown  to  be  adequate  for  the  purpose  of 
obtaining  interference  upwash  at  the  lifting  line.  Traverses  of  downwash  behind  the 
wings  have  confirmed  that  it  is  essential  to  consider  the  finite  length  of  the  open 
tunnel  in  relation  to  interference  corrections  at  a  tail  plane,  ani  qualitative  agree¬ 
ment  is  found  with  a  theory  of  Veinig  (Ref.  3. 68;  1936).  The  experiments  In  Reference 
3. 67  led  presnably  to  the  theoretical  developments  in  Reference  3. 5.  discussed  in 
Section  3.2.3  and  illustrated  in  Figure  3.6. 

Finally  we  consider  tests  on  three  equilateral  delta  wings  (A  =  2. 31)  by  Jones  and 
Miles3'4*  in  a  low-speed  open  circnlv  tunnel,  to  which  were  applied  the  staple  correc¬ 
tions  in  Equation  (3.6)  with  SQ  =  -0.125  .  For  each  of  the  span  ratios  cr  =  s/R  =  0.361, 
0.500  and  0.664  the  interference  corrections  to  incidence  based  on  Equation  (3.35)  ve 
now  calculated  from  the  formula 


Aa 


<So>g 


Aic  Sj 
4^R  \ 


(3.217) 


with  8X/S0  =  1.594  and  A  =  1.25  interpolated  from  Table  3.  III.  The  application  of 
this  correction  in  place  of  the  first  of  Equations  (3. 6)  increases  the  lift  slope  by 
the  approximate  factor 


(3.218) 


which  is  calculated  below  with  the  experk  »tal  3C/3a  =  2. 66  . 
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0.1255 

0.312 

1.004 

B 

0.500 

0. 138 

0. 1267 
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0.664 
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0. 1302 

0.575 

1.027 

It  is  stated  in  Reference  3.69  that  respective  empirical  factors  1.01  and  1.05  were 
applied  tc  C’t  on  the  models  B  and  C  to  give  consistent  lift  carves.  Allowance  for 
streamline  curvature  through  the  factor  F  is  now  seen  to  account  for  half  the  effect 
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of  these  empirical  factors.  As  regards  drag,  consideration  is  gives  to  the  reaarks  at 
the  end  of  Section  3. 6.  i  and  we  exaalne  the  consequences  of  applying  the  correction  in 
Equation  (3.185), 

ACd  =  CjAa  .  (3.219) 

at  the  higher  values  of  CL  when  there  is  flow  separation  along  the  whole  leading  edge, 
then  this  speculative  correction  is  used  in  place  of  the  second  of  Equations  (3.6)  for 
the  largest  aodel  c  ,  the  solid  circles  are  obtained  in  place  of  the  open  circles  in 
Figure  3.28.  The  results  for  the  three  aodels  are  seen  to  be  in  acceptable  agreement 
while  CL  is  fairly  snail,  but  the  correction  in  Equation  (3.219)  reduces  the  scatter 
for  >  0.4  .  Unfortunately  Rs  =  0.59  x  10s  is  the  highest  Reynolds  nuaber  at 
which  all  three  aodels  were  tested  over  the  full  range  of  CL  .  The  results  in  Figure 
3. 28  are  far  froa  conclusive,  but  they  are  included  as  a  warning  that  the  standard 
corrections  to  CD  are  too  sa&ll  when  leading-edge  vortices  are  present. 


3.8  INDEX  OF  FORMULAE  AND  DATA 

The  process  of  evaluating  the  interference  velocity  field  depends  priaarily  on  the 
tunnel  section,  but  tbe  requirements  are  influenced  greatly  by  the  configuration  of 
the  aodel,  by  the  aerodynamic  quantities  to  be  aeasured  and  above  all  by  the  accuracy 
of  tbe  experiaents.  When  saall  inaccuracies  can  be  tolerated,  aany  of  tbs  stapler 
formulae  for  Interference  parameters  are  aost  useful.  These  are  grouped  according  to 
tunnel  section  for  various  purposes  in  the  first  table  below;  although  this  includes 
reference  to  the  nmerical  data  in  Ihe  present  tables  and  figures,  there  are  important 
additional  sources  listed  in  Tab) a  3.  IV.  The  second  table  concerns  the  aore  elaborate 
foraulae  that  define  aore  detailed  calculations  of  the  distribution  of  interference 
tgnrssh  for  the  three  aain  typ «■«  of  tunnel.  When  the  basic  numerical  data  relating  to 
these  two  tables  are  known,  aany  useful  approxiaate  and  aore  accurate  foraulae  for  the 
corrections  to  aeasured  cnantities  are  available  without  explicit  reference  to  the  type 
of  tunnel.  These  and  wore  special  foraulae  are  listed  in  the  third  table  together  with  * 

calculated  results. 

j 

i 

Each  table  srves  tbe  relevant  equations  and  related  tables  and  figures.  For  example 
the  entries  in  tbe  first  table  under-  rectangular  tunnels  for  a  saall  wing  associate  • 

Equation  (3.17)  with  Figure  3.2,  Equation  (3.20)  with  Table  3.II  and  also  with  Figure  22.  \ 

e 

4 

l 


I 


I 


Simple  or  AMproximte  later foresee  Telocity 


Rectangular 
tonne It 

Octagonal 

tumels 

Elliptical 
and  bipolar 

Eqn 

T  &  F 

Eqn 

T  ft  F 

Sooll  win* 

17 

F2 

28 

29 

F5 

20 

T2 

32 

30 

F5 

20 

F2 

• 

31 

F4 

31 

re  ♦ 

136 

137 

Lift in*  line 

83 

Fll 

107  F12 

115 

MM 

84 

F9 

117 

Em 

156 

T6 

118 

143 

F15 

Li  ft in*  surface 

156 

T6 

109 

Slender  win* 

176 

176 

177 

178 

Tail  plane 

191 

P21 

199 

F6 

192 

201 

194 

• 

Ground  effect 

Fll 

206 

203 

F22 

203 

F23 

204 

205 

Off-centre  win* 

25 

F3 

201 

114 

27 

F3 

200 

3.S.3  Correct iOM  to  Km— red  (fctaatities 


Aa 

Ac 

a 

AC, 

ACdAA(^ 

Son  TAP 

Bj a  TAP 

EOS  TAP 

Bqo  TAP 

General  and 

6 

34 

161 

6 

approximate 

8 

38 

37 

34 

80 

164 

35 

182  P2Q 

166 

282  P20 

183 

185 

283 

188 

General  and 

55 

57 

62 

56 

■ora  accurate 

67 

58 

67 

83 

73 

59 

76 

70 

179  P2Q 

67 

71 

179  F20 

74 

76 

Rectangular 

85 

156 

ITO  P17 

85 

tunnels 

150  PX6 

F19 

154 

151  P17 

T7 

P17 

P18 

r? 

... 

Oct axonal 

110 

112 

111 

Circular 

215  P27 

168 

215  P27 

F28 

Bipolar 

144  P15 

P26 

There  we  also  general  foraalae  for  Ac„  la  EQnstion  (3.77)  sad  As^  in  Equation  (3.198) 

i 
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TABLE  3.1 

'  „* 

Equivalent  Incompressible  Flow  fro*  Equation  (3.5)  when  X  ~  (1-/3  ) 


Geometric  Parameters 

i 

Bing  chord 

c 

Wing  seai-span 

/5s 

Wing  area 

fis 

Aspect  ratio 

fiA 

Bing  thickness 

fit 

Incidence 

fia 

Aileron  setting 

fiZ 

Tunnel  breadth 

fib 

Tunnel  height 

fib 

Tunnel  area 

fi*c 

Distance  fros  floor 

fi* 

The  equivalent  angle  of 
sveepback  is  cot”  1(1/3cot A). 


Aerodynamic  Parameters 

Stress  density 

P 

Stress  velocity 

fi'z U 

i  Velocity  perturbations 

u.  fi~\.  /3‘Hr 

Upwash  angle 

)3{Aa) 

Circulation 

•""l 

1 

Vortex  strength 

K  . 

Pressure  difference 

fi~2(Pu-Vi) 

Lift 

fi-'-L 

Vortex- induced  drag 

Dv 

Pitching  ocssnt 

yS”^ 

Rolling  soaent 

£ 

Lift  coefficient 

fifi cL 

Koaent  coefficients 

Drag  coefficient 

^DV 

i 

i 


\ 

f 


t  ' 
* 

i 


i 

t 


t 

[ 

j 

i 

f 

I 

i 

i 

i 
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TABLE  3. Ill 

Values  of  k  tad  kxfc  from  Li  f  tint- Serf  tee  Theory  tad  Strip  Theory 


c/c 

Atan  Ao  s 

k 

kXj/c 

L-S  Th. 

c/c 

L-S  Th. 

1 

E<p.  (3.38) 

0.624 

1 
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Pig.  3.5  Lift  interference  on  saall  wings  in  elliptical  tunnels 


o  2£h  } 


Values  of  X  from  lifting -surface  theory  for 
illustrated  planforrns  arc  compared  with 
those  from  two-dimensional  strip  theory. 

^  Lifting-surface  theory 
•  c/c  from  equation  (3.38) 


2  AtonA^3 


Fig. 3. 7  Lift- interference  correction  to  aeasured  incidence  of  ssall  aodels  of 

various  planforas 
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Based  on  Fig. 6  of  Ref.  3.20 


(a)  Closed  rectangular  tunnel 


(b)  Closed  sides, open  floor  and  roof.  Correct 

(f  (f 

+  +  + 


+  +  + 

P  P  P 


(c)  Closed  sides,  open  floor  and  roof.  Incorrect 


jmmuA, ?*•>**.  .  .*>  »/***•<$** 
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(a)  Potential  field  <$>m 

of  horse-shoe  vortex 

Cartesian  co-ordinates  (x;y,z) 
Radius  of  tunnel  R 

Span  of  vortex  2t 

Strength  of  vortex  K 


■x  k 


(c)Potential  field 
for  open  tunnel 


Trailing  vortices  at 
(r,  0)  =  (R*/i  .  90°) 

(r,$)  =(R*/it  270°) 


y/  \ 


Wfo 
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Based  on  Figs.  I  (a),  3  and  4  o 


<r  0*7 


Aa  ~(SU- *  8%c)scJC 


a  0*7 


£C4C,  «  « 
SC,  0-20 


l0fe 


flr  0*7 


ACnUM0 
cici  0*15 


or  0-7 


Pig.  3. 1?  Interference  corrections  for  wings  of  high  aspect 

rectangular  tunnel  (h/h  =  10/7) 


Ref.  3.51:  equation  (3*179) 
Approximate  equation  (3-102) 
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NOTATION 

«  width  of  slot 

a^  constants  defining  the  lift  distribution  in  Equation  (4.34) 

^  constants  defined  hy  Equations  (4.26) 

b  breadth  of  tunnel 

c  chord  of  aerofoil 

c  wean  chord  of  wing  (S/2 s) 

cr  root  chord 

ct  tip  chord 

C  Theodorsen’ s  lift  function,  defined  in  Equation  (4.23) 

Cj  rolling  aowent  coefficient  =  (rolling  aonentJ/CpU^Ss) 

cl  =  Cje1"1 .  lift  coefficient  =  (lift)/(ipU2S) 

C,  =  Cnelut ,  pitching  aoawnt  coefficient  =  (pitching  nonent)/(ipU*Sc) 

Cn  constants  in  Equation  (4.19) 

; 

d  representative  length  of  tunnol  cross-section 

E  free  vorticity  defined  in  Equations  (4.13) 

1  function  defined  in  Equations  (4.35) 

f ,  fj  functions  defined  in  Equations  (4.75)  and  (4.76) 

P  function  defined  in  Equation  (4.27) 

,  P2  functions  defined  in  Equations  (4.74)  and  (4.79) 

0  function  defined  in  Equation  (4.60) 

h  height  of  a  tunnel  of  rectangular  cross-section 

la  prefix  denoting  iaaginsry  part  of 

K  kernel  of  integral  Equation  (4.39),  defined  in  Equations  (4.40)  and  (4.41) 


K 


geometric  slot  parameter  in  Equation  (4.98) 


"V* 

K 


la-l'a 

L 

L(x) 

Lr.Li 


*x*i 


■_ ,  ■* 
cx  a 


M 


kernel  of  integral  equation,  defined  in  Elution  (4.72) 

Te1"*  ,  non-dimensional  wing  loading  =  (p2  -  pu)/(ip02) 
direct  bearing  derivatives  (see  Definitions) 
deriratires  of  lift  doe  to  pitching  (see  Definitions) 
lift  force  on  wing 

lift  per  unit  length  in  the  streaewise  direction 
spanwise  lift  distributions  defined  in  Equation  (4.62) 
deriratires  of  pitching  moment  doe  to  hearing  (see  Definitions) 
direct  pitching  deriratires  (see  Definitions) 

Mach  number  of  undisturbed  streaai 
outward  normal  distance  from  tunnel  boundary 
number  of  slots  in  roof  (or  floor)  of  tunnel 
pressure 

shape  of  a  general  mode  of  oscillation  in  Equation  (4.65) 

pressure  of  undisturbed  stress 

pressure  in  plenum  chamber 

weighting  function  for  generalized  force  Pa 

wall  porosity  parameter  defined  in  Elation  (4.7) 

generalized  force  (n  =  1.2. ...)  in  Equation  (4.66) 

qQeiut.  amplitude  of  a  general  mode  ♦  Equation  (4.65) 

radial  cylindrical  polar  co-ord  ir  Equations  (4. 101) 

non-dimensional  radial  distance  =  cotAJ 

radius  of  circular  tunnel 

con-dimensional  radius  =  cuR/U 

see  Equation  (4.41) 

prefix  denoting  real  part  of 


itMUAAU* 
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s  seal -span  of  wing 

s(x)  local  span  of  wing 

s  non-dinensional  seal-span  =  cjs/U 

S  area  of  wing  planform 

t  tiae 

T  tunnel  slot  paraaeter  in  Equation  (4.99) 

0  velocity  of  undisturbed  stream 

w  =  we1<at .  component  of  velocity  in  z  direction 

wi  =  Wje1"1 ,  part  of  w  induced  hy  tunnel  walls 

x  streaewise  distance 

xQ  value  of  x  at  pitching  axis 

y  spanwise  distance 

z  upward  distance 

z  wing  aode  shape  defined  by  z  =  Re{z(x,y)ei<1’t} 

z0  non-diwensioaal  amplitude  of  heaving  aode  (see  Definitions) 

a  incidence  of  wing  (in  radians) 

aQ  amplitude  of  pitching  oscillation  defined  by  a  =  aQei“t 

Og  affective  angle  of  incidence  of  a  rotating  wing 

P  =  (l-S2)* 

T  bound  vorticity  in  Equations  (4.13) 

T  =  Te1"*,  strength  of  vortex;  circulation  in  Section  4.7 

rn  functions  defined  in  Equation  (4.29) 

rR  ,  fj  vortex  strengths  defined  in  Equation  (4.64) 

S  prefix  denoting  contribution  due  to  wall  interference 

A  prefix  denoting  increment  due  to  wall  correction 

S  non-diaensional  interference  npwash  defined  in  Equation  (4.55) 
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*•'  •  5/ 

V  = 
6 
6 
\ 
a 

v 

v 


interference  upwaah  parameters  for  a  saall  vine  defined  in  Equations  (4.86) 
or  (4.90) 

y/d 

angnlar  chordwise  parameter  in  Equation  (4.22) 

angular  cylindrical  polar  co-ordinate  in  Equations  (4.101)  (Section  4.7.1) 

eigenvalue  in  Equation  (4.37) 

frequency  parameter  =  <d d/O 

frequency  parameter  =  euc/U 

frequency  parameter  =  eoc/U 


i  = 

*«.*! 

P 

a  - 
'*  = 

*v 

*u 

\ 


Of 

O) 


a:- 


x/d 

local  chordwise  centres  of  pressure  corresponding  to  LR .  Lx 

density  of  undisturbed  stream 

m/d 

,  perturbation  velocity  potential  in  Equation  (4. 2) 
velocity  potential  of  a  steady  horse-shoe  vortex  in  Equstios  (4.43) 
components  of  $  for  a  rolling  wing  in  Equation  (4.105) 
see  Equation  (4. 107) 
angular  frequency  of  oscillation 
angular  velocity  of  steadily  rolling  wing 

critical,  angular  frequency  for  tunnel  resonance  in  Equations  (4.28)  and 
(4<3S> 


Subscripts 

r  denotes  flow  in  free  air. 

1  denotes  quantity  induced  by  tunnel  walls. 

I ,  u  denotes  lower,  upper  surface  of  wing. 


t.  t 


denotes  leading,  trailing  edge  of  wing. 
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DEFINITIONS 

If  the  wing  is  performing  oscillations  such  that  its  surface  has  the  equation 

z  =  -[zQc  +  otgfx-Xglle1"*  . 

the  derivative  coefficients  are  defined  by 

Lift  =  p02S  ei"t[(Z2  +  i?I-)z0  +  (la  *  &l-a)a0] 

Pitching  acaent  =  pD2Scei<at[(R2  +  Sm^)zQ  +  (»a  +  iMB^)a0] 

The  pitching  wowent  about  x  =  x0  is  reckoned  as  positive  if  it  tends  to  raise  the 
leading  edge  and  depress  the  trailing  edge. 

Fbr  two-diaensional  wings  c  is  the  (constant)  chord,  and  then  v-v-  cuc/U  . 

The  usual  convection  about  the  interpretation  of  complex  quantities  in  sinusoidal 
oscillations  is  assured;  each  of  the  three  equations  above  should  -be  interpreted  as 
having  the  prefix  Re  in  its  right-hand  side,  and  sinilarly  throughout  the  whole 
chapter. 
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INTERFERENCE  EFFECTS  IN  UNSTEADY  EXPERISENTS 


W.E.A.Acua 


4. 1  INTRODUCTION 

As  Bight  be  expected,  the  calculation  of  unsteady  interference  effects  on  lings 
oscillating  in  wind  tunnels  is  considerably  aore  complicated  than  for  steady  flow; 
as  a  result  not  all  cases  of  practical  importance  are  covered  by  theory.  Moreover, 
since  it  is  possible  for  an  oscillating  aodel  and  a  wind  tunnel  to  fona  a  resonating 
system,  a  new  phenomenon  not  occurring  in  steady  flow  must  be  considered.  Inter¬ 
ference  effects  can,  however,  be  calculated  for  many  cases  of  practical  interest, 
although  here  again  a  difference  arises  in  that  the  calculation  may  be  quite  lengthy, 
and  simple  formulae  cannot  usually  be  given. 

FOr  the  most  part  this  chapter  will  be  concerned  with  wings  performing  oscillations 
sinusoidal  in  time,  but  steadily  rotating  aodels  will  be  dealt  with  in  Section  4,7. 


In  most  theoretical  methods  the  equations,  which  have  to  be  solved  in  order  to 
determine  the  tunnel  interference,  are  basically  those  of  the  small  perturbation 
theory  for  oscillating  thin  wing3  in  a  free  stream,  but  with  modifications  to  the 
usual  boundary  conditions  to  account  for  the  tunnel  walls.  The  basis  of  linearized 
wing  theory  is  set  out  in  Reference  4. 1.  Thus  for  thin  wings  the  perturbation 
velocity  potential.  $(x,y.z,t)  ,  is  assumed  to  satisfy  the  linearized  differential 
equation 


B2*  32$  5,2  f  32$  32$  32$\ 

+  V  +  "  U*  V  3?  +  ™  BxBt  +  3ty  ' 


(4.1) 


Since  the  flow  is  oscillating  with  angular  frequency  co  ,  we  take 

§  =  Re{5(x.y1z)ei"t}  , 

and  obtain 


a  -  »->  r-r  + 


32$  32$  32$  2i « M2  B$  a>2M2  - 


Bx2  By2  3z2 


u  Bx  U2 


$  =  0 


(4.2) 


(4,3) 


The  linearized  expression  for  the  pressure  corresponding  to  $  is 


P  -  = 


/  3$  3$\ 


=  -p  Re  ( fu  —  +  ico?)  ciMt 


Bx 


7 


(4.4) 


230 


! 

i 


As  is  customary  in  the  theory  of  sinusoidal  oscillations,  the  symbol  Re  for  “the 

real  part  of"  will  be  omitted  unless  there  is  any  risk  of  ambiguity. 

/ 

/ 

to  the  wing  the  vertical  velocity  of  the  fluid  is  determined  by  the  wing  motion. 

In  the  linearized  theory  this  condition  becomes 

3$  3z 

—  =  U  —  +  iwz  (4.5) 

oz  OS 


on  that  part  of  the  place  occupied  by  the  plzaform,  where  the  wing  surface  is  assumed 
to  be  defined  by  z  =  z(x,y)elc,;t  ,  and  the  plane  z  =  0  is  chosen  so  that  z  is 
always  small.  At  infinity  §  Eust  represent  outgoing  waves;  in  the  presence  of 
tunnel  walls  this  condition  can  be  applied  only  in  the  upstream  and  downstream 
directions.  The  wake  is  “spumed  to  lie  in  the  strip,  downstream  of  the  trailing  edge, 
defined  by  x  >  xr  ,  jy!.  <  a  .  z  =  0  ;  the  pressure  must  be  continuous  across  the 
wake,  so  that,  provided  ®  is  an  odd  function  of  z  .  its  distribution  over  either 
side  of  the  wake  satisfies* 

3#  - 

U  —  +  iv-o*  =  0  .  (4.6) 

dx 

At  the  trailing  edge  it  is  assuaed  that  both  §  and  B$/Bx  are  continuous,  so  as  to 
satisfy  the  Kutta-Joukowski  condition. 


On  solid  tunnel  walls  the  normal  velocity.  3$/Bn  ,  must  be  zero.  In  an  open  jet 
the  pressure  must  be  continuous  at  the  edge  of  the  jet  and  the  boundary  condition 
follows  from  Equation  (4.4).  These  two  cases  are  the  limits  of  the  boundary  condition 
which  is  sometimes  applied  to  represent  a  porous  wall,  that  is,  that  the  velocity 
normal  to  the  wall  is  proportional  to  the  pressure  difference  across  it.  This  may  be 
written 


P-Pc 


pU  3$ 
P  Bn 


(4.7) 


where  P  is  the  porosity  parameter,  p  is  the  pressure  on  the  inside  of  the  wail, 
and  pc  the  pressure  on  the  outside.  Tnis  pc  is  normally  the  pressure  in  a  plenum 
chamber.  Solid  walls  correspond  to  P  =  0  and  free  surfaces  to  P  —  co*  .  The 
application  of  Equation  (4.7)  to  steady  flow  is  discussed  in  Section  6.7. 


*  By  sysaetry  is  aa  odd  function  of  z  for  free-3tre«a  flow,  and  for  aost  practical  tunnel 
arraageaents.  If  5  i3  not  an  odd  function  of  z  ,  then  the  condition  for  the  continuity 
of  pressure  across  the  wake  becomes 


it  coss  not  follow  that  either  $u  or  separately  satisfies  Equation  (4.6). 

♦  jfcere  free  surfaces  are  concerned  these  resarks  apply  only  to  wind  tunnels.  If  a  water 
tunnel  has  a  free  surface,  the  effect  of  gravity  say  have  to  he  taken  into  consideration. 


In  the  theory  it  is  usually  assumed  chat  pc  =  and  that  Equation  (4.1  cay  be 
linearized  by  using  Equation  (4.4).  It  is  conceivable  that,  to  give  a  good  re¬ 
presentation  of  the  conditions  for  an  oscillating  flow,  P  sight  have  to  be  a  complex 
nuaber. 


Equation  (4.3)  is  valid  for  thin  wings  provided  M 
however,  not  the  only  differential  equation  which  can 
approxinatton 


32$  o2? 


V  +  3z2 


0 


is  not  too  near  to  one. 
be  used;  for  example,  the 


It  is. 


(4.8) 


nay  be  used  for  very  slender  wings,  while  near  M  =  1  the 
equation  _ 

32l  3*1  2i<y  K2  34>  ah I2  - 

3y2  ^  3z2  0  3x  +  02  9 

is  wore  applicable.  In  fact  little  cse  has  so  far  been  made  of  thea  for  problems  of 
unsteady  wall  interference.  Miles1’*1  gives  a  summary  of  the  parameter  ranges  in  which 
Equations  (4.3).  (4.8)  and  (4.9)  are  valid,  and  an  account  of  their  derivations. 

For  two-dimensional  flow  Equation  (4.3)  still  holds,  but  the  derivative  with  respect 
to  y  vanishes. 


unsteady  tran  onic 
0  (4.9) 


In  aost  theoretical  treatments  the  tunnel  is  assured  to  be  cylindrical  and  to 
extend  to  infinity  upstreaa  and  downstream,  so  that  the  detersination  of  tunnel 
interference  is  equivalent  to  solring  Equation  (4.3)  with  boundary  conditions  such  as 
those  shown  in  Pigure  4. 1,  which  represents  a  wing  in  a  closed  two-dimensional  tunnel. 
Jordan  (Kef.  4. 2;  1953)  has  considered  the  effect  of  a  two-dimensional  Tcriex  wake  of 
finite  length,  but  in  general  it  seems  essential  to  assume  that  the  wake  is  infinite 
if  a  mathematical  treatment  is  to  be  feasible. 


For  rectangular  or  two-dimensional  tunnels  the  method  of  images,  which  is  exactly 
analogous  to  that  employed  in  steady  flow,  may  be  used.  As  in  f re e-stream  theory,  it 
is  then  often  possible  to  replace  the  differential  equation  by  as  equivalent  integral 
equation.  For  the  general  cylindrical  tunnel,  with  that  of  circular  section  as  the 
most  important  example,  it  is  cot  possible  to  construct  an  image  system,  and  present 
methods  of  solution  are  restricted  to  the  special  cases  of  incompressible  flow  or 
low  frequency. 

Wind-tunnel  experiments  involving  force  measurements  may  be  of  two  kinds,  the 
object  of  the  first  is  the  determination  of  some  force  acting  oa  a  model,  and  the 
correction  is  applied  te  obtain  a  vaiue  appropriate  to  free-stream  conditions.  In 
such  cases  it  is  desirable  that  as  much  as  possible  of  the  measured  data  should  be 
used  in  cooputing  the  interference  corrections,  in  order  to  offset  the  inaccuracies 
of  linearized  theory.  In  particular,  the  calculation  of  a  correction  by  tailing  tne 
difference  between 

(i)  free-stream  linearized  theory 

and  (ii)  linearized  theory  modified  to  include  the  presence  of  t-hf  walls, 

is  not  likely  to  be  satisfactory  unless  the  theory  represents  the  experimental, 
situation  with  an  unusual  degree  of  accuracy.  The  second  fcixd  of  experiment  has  ss 


Its  objective  sc  assessment  of  the  accuracy  of  a  theory.  If  this  theory  is  the  saaa 
in  principle  for  both  the  free-stresa  sad  tunnel  cases,  then  it  is  sufficient  to 
compare  (ii)  with  the  uncorrected  experiments. 

Secticc  4.8  summarizes  the  methods  recommended  for  typical  configurations  in 
incompressible  and  in  compressible  flow.  There  are  difficult  cases  where  no  method 
of  solution  exists,  and  others  where  the  numerical  work  sight  well  be  considered 
prohibitive. 


4.2  TWO-DIMENSIONAL  WINGS  IN  INCOMPRESSIBLE  FLOW 


Consider  first  an  aerofoil  of  chord  c  on  the  centre  line  of  a  two-dimensional 
tunnel  with  solid  walls  distant  h  apart.  Suppose  that  the  motion  of  the  aerofoil 
■ay  be  described  by  the  equation 

z  =  z0c  +  a0(x-xc)]e1<tft  ,  (4.10) 

so  that  the  motion  i3  rigid  pitching  of  amplitnde  aQ  about  an  axis  x  =  x.  ,  super¬ 
imposed  on  a  rigid  heading  motion  of  amplitnde  z0c  .  If  aQ  is  not  zero. 

Equation  (4. 10)  also  represents  a  rigid  pitching  motion  about  the  axis 

x  =  xo  *-  zoc/cto  • 

Since  the  fluid  is  incompressible.  Equation  (4.3)  reduces  to 

7*1  =  0  ,  (4.11) 


with  boundary  conditions  (Fig. 4.1) 
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3z 


-  Ootjj  -  iiutZgC  (^(x-Xg)]  on  z 


1*3 

-  =  0 

C 


on  z 


0  .  xL  <  x  <  xT 
0  ,  x  >  x? 


3?  , 

—  =0  on  z  =  ±*h  ,  -®  <  x  <  o 

3z 


(4.12) 


furthermore  at  x  =  xT  .  $  «d  3$/3x  must  be  continuous  with  respect  to  x  . 

For  a  general  mode  of  oscillation  the  first  of  Equations  (4. 12)  has  to  be  replaced  by 
Equation  (4.5). 

The  alternative  to  the  solution  of  the  differential  Equation  (4.11)  lies  in  the 
formulation  of  the  corresponding  integral  equation.  In  this  approach  the  vorticity 
distribution  over  the  wing  and  wake  is  regarded  as  being  the  sum  of  two  parts, 

reia)t  ,  the  “bcund**  vorticity,  which  is  proportional  to  the  local  lift,  and  E**wt  , 
the  “fret”  vorticity.  2  and  3*  are  defined  by 
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t+e  =  s  <?„-$,> 


so  that,  by  Equation  (4.4),  the  local  loading  per  unit  area  ia 


l  = 


-  pl  ~P°  -  *  <«t 


tpDz 


and.  fey  Equations  (4.13). 


~  /  iont\  ~  ,  /isux^N 

E(x)  = - exp  ( - j  r(x/)exp( - )dx'  . 

°  V  °y  _  v  o ) 


(4.13) 


(4.14) 


(4.15) 


In  the  wake,  x  >  Xy  .  T  is  zero,  so  that  for  x  >  x?  the  upper  liait  of  integration 
in  Equation  (4.15)  is  xT  . 

Row  in  the  unbounded  free  strew  the  upwash  corresponding  to  the  vorticity 
distribution  (1  +  E)  would  be  given  by 


i(x,z)  =  - 


2n 


i r  +  E)(x  -  x ') 
(x-xV  +  z2 


ix 


f  . 


(4.W) 


this  relation  is  a  straightforward  extension  of  that  arising  in  the  treataeat  of 
two-diaensicnal  thin  wings  1c  steady  incoapressible  flow,  for  ample  'hat  given  in 
Chapter  VIII  of  Reference  4.3. 

In  the  wind-tunnel  case  it  is  neccsscr7  to  sodifj-  this  by  including  lae  con¬ 
tributions  of  the  iaares  which  are  assuaed  to  be  present  in  a  way  analogous  to  that 
for  the  corresponding  steady  flow  (Chapter  II).  Ihsa  for  a  closed  tunnel  the  upwash 
on  z  =  0  is  that  due  to  an  infinite  colon  of  vortex  sheets,  of  alternating  sign, 
lying  on  z  =  ±oh  ,  n  =  1,2,3,....  .  Ernation  (4.16)  is  teen  replaced  tor 


i(a.O)  =  - 


Efts')  +  S(x')3  i 


!  i 


x-i1 


_  +  2^'  (-I)2  -  _ 

jx-x'  JLJ  (x  -  s')2  +  n2h* 
[  n»i 


dx1 


or,  with  the  knoan  scs  of  the  infinite  series. 


w{x,0)  =  -  —  Eftx')  +  E(x')]  -  ccsech 
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The  singularity  at  xf=  x  is  accounted  for  by  taking  the  Cauchy  principal  value. 
Since  i(x,0)  is  known  froa  Equation  (4.12)  for  xL  <  x  <  xT  .  Equation  (4.17)  is 

the  required  integral  equation  for  ( ?  +  E)  . 

Explicit  analytical  solutions  of  Equation  (4.17)  are  available  covering  aost 
cases  of  practical  interest.  However,  it  nay  be  renarked  that  for  ezperiaents  of  the 
first  type  discussed  at  the  end  of  Section  4.1  such  solutions  are  not  essential. 

/ 

The  equation  for  the  interference  upvmsh,  due  to  the  isages  only,  is 
r® 


ijta.O)  =  [T(x’)  f  E(x,)]{—  cosech^^ — — - — -l  dx*  .  (4. 

*  2 n  I  h  h  x  -  xf  j 

JlL 


18) 


How  if  l  were  known,  (f  +  S)  could  be  calculated  froa  Equations  (4.14)  and  (4.15) 
and  evaluated  nuaerically  using  Equation  (4.18).  Unless  c/h  were  large, 
ij  would  be  obtained  sufficiently  accurately  if  l  were  given  its  free-strea* 
theoretical  value,  aodifled  by  a  factor  to  sake  it  consistent  with  the  Measured  forces. 
The  interference  forces  could  then  be  calculated  froa  free-streaa  theory. 

So ae  progress  towards  a  solution  of  Equation  (4. 17)  cay  be  cade  by  the  aodification 
of  the  “vortex  sheet”  theory  for  two-diaensional  oscillating  wings  in  Reference  4.4 
which  is  Itself  an  extension  of  the  staple  theory  for  steady  wings**3.  For  the 
oscillating  free-streaa  case,  the  bound  vorticity  is  expanded  in  the  fora 


*•  • 


(4.19) 


with 


Here 


i'g  =  SlCCjv)  cot  id  +  *iv  sint?] 

i^  =  -2sin#  +  cot  &  +  *i v  [sind  +  i  sin  2 &} 

v  ,  j~sin{a+l)S  aic(n-l>e] 

.  +  | - : - - - 1  in  5  2) 


r,  =  -2  sinus 


n+  1 


B-l 


v  -  <yc/U  , 
x  =  xL  +  ic(l  -  coa 9)  , 
and  C(*y>  is  Theodorsen's  lilt  function 

C(iv)  =  H[2,(i^)/{H[?J(fy)  •?  iH^^iv)}  , 


(4.20) 


(4.21) 

(4.22) 

(4.23) 


where  H*z>  and  H*:>  are  Bankel  functions.  The  upwssh  distribution  is  then  given 

hy 
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(4.24) 


and  the  unknown  coefficients  CQ  a  ay  be  determined  by  c  caparison  with  the  first  of 
Equations  (4.12). 

Now.  if  toncel  walls  are  prese&t.  Equation  (4.19)  will  not  lead  to  Equation  (4.24) 
but  to  a  codified  fora  of  it.  there  appears  to  be  no  simple  method  of  working  out 
what  this  is  for  general  values  of  the  ratio  c/h  .  but  Jones  (Kef. 4. 4;  1950)  has 
given  a  wethod  for  saall  c/h  .  Equation  (4.24)  is  replaced  by 


[®  1 

(Ce  +  {C,  +  A0>  +  X  <Cn  +  V008110! 


where 


tt2c2  f  /,  2iC\  C,  -  C, 


41  +  J0<*I/>rco 


Ajj  =  2inJn(iv)PC0  (n£l) 

Here 

P  =  {CJ0(iv)  +  id-OJjrfi/)} 
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7T2C*  •  ,  /  2i\ 

HP  {'--J- 

fexp  (-iy)  77c  exp  (-iy)  1  ^ 

lw  y  vh  sinh  (7rcy/i/h)J 


(4.25) 


(4.26) 


(4.27) 


C  =  C(iv>  is  given  by  Equation  (4.23)  and  JQ  is  the  Bessel  function  in  the  usual 
notation. 


Lilley  (Ref.  4. 5;  1952)  has  transforaed  Equation  (4.16)  into  one  of  a  type  having 
known  solutions,  but  unfortunately  the  result  for  general  c/h  ratio  is  too  long  and 
complicated  to  reproduce  here,  although  some  simplification  occurs  if  c/h  is  of 
order  one  or  larger.  Certain  codes  of  oscillation  of  cascades  cause  flows  like  those 
considered  in  tunnel  interference;  for  exanple,  the  flow  through  an  unstaggered 
cascade  in  which  consecutive  elements  are  oscillating  in  antiphase  is  the  same  as 
that  past  an  aerofoil  in  a  closed  wind  tunnel,  as  way  be  seen  by  considering  the 
image  system.  Reference  4.6  could  be  applied  in  this  way. 

The  alternative  to  aa  approach  via  vortex-sheet  theory  is  the  solution  of  the 
differential  Equation  (4.11)  and  associated  boundary  conditions.  This  has  been 
carried  out  by  Soseablat  (Ref.  4.7;  1957)  by  a  aetbod  involving  conformal  trans¬ 
formation  of  the  interior  of  tbs  tunnel,  and  also  by  Tinman  (Ref. 4.8;  1951)  by  a 
modification  of  Tbecdorsen’s  free-stress  theory,  The  analytics!  expressions  are  too 
lengthy  for  inclusion,  but  de  Jager  has  presented  Tinman's  results  in  Reference  4.9. 


algebraically  and  as  graphs,  for  a  rigid  aerofoil  with  or  without  a  trailing-edge 
control.  It  should  be  noted  that,  contrary  to  the  statement  wade  by  Rosenblat  in 
Reference  4.7,  his  results  do  in  fact  agree  with  Tinman's*. 

It  is  likely  that  is  *ost  experisents  c/h  will  be  snail  enough  for 
Equations  (4.25)  to  (4.27)  to  apply.  A  comparison  of  the  results  from  Reference  4.4 
with  the  graphs  of  Reference  4.9  indicates  that  this  say  be  expected  to  be  good 
enough  for  c/h  <  0.25  .  Figure  4.2  shows  the  variation  with  v  of  Aaa  and 
vAb£  (where  the  prefix  A  denotes  free-streem  value  sinus  tunnel  value)  for  a  wing 
pitching  about  the  aid-chord  axis.  The  results  from  Equations  (4.25)  to  (4. 27)  (Ref.  4. 4) 
for  c/h  =  0.21  fit  in  very  well.  Alternatively  the  tunnel  corrections  aay  be 
estimated  from  the  graphs  of  Reference  4.9.  A  method  of  applying  the  theoretical 
quantities  such  as  Ama  to  practical  situations  is  set  out  in  Section  4.4.3. 

A  further  slsplificaticn  occurs  when  both  the  frequency  parameter  and  c/h  are 
snail.  If  this  is  so,  there  are  explicit  expressions  for  the  lift  and  pitching 
moment*"*;  these  will  not  be  given  here  as  they  are  merely  special  cases,  with 
M  =  0  and  ft  =  1  ,  of  the  corresponding  expressions  for  compressible  flow  in 
Equations  (4.35). 


4.3  TV0-B1MENSI0NAL  VIN6S  IN  COMPRESSIBLE  PLOW 


Before  considering  the  possibility  of  calculating  the  tunnel  interference  it  is 
necessary  to  recognise  that,  if  the  fluid  is  compressible,  the  pfcenoaenon  of  “tunnel 
resonance**  is  possible.  It  has  been  shown  in  References  4. 10  and  4. 11  that, 
according  to  linearized  theory,  the  interference  upwash  due  to  a  saall  oscillating 
model  wing  is  a  two-dimensional  closed  tunnel  will  become  infinite  for  certain 
critical  frequencies,  the  smallest  of  which  is  given  by 


o>rh  tt/J 

0  ~  IT  * 


(4.23) 


The  physical  significance  of  this  particular  frequency  may  be  seen  by  considering 
the  possibility  of  perturbation  flows  of  the  form 

$  =  eikx  sin  (nz/h)  ,  (4.29) 


where  k  is  a  constant,  as  yet  undetermined.  This  $  automatically  satisfies  the 
condition  of  no  flow  through  the  tunnel  walls  at  z  =  ±£h  ,  but  unless  k  is  real 
$  will  not  remain  finite  at  large  distances  upstream  and  downstream.  Substitution 
of  Equation  (4.29)  into  Equation  (4.3)  gives 


(4.30) 


The  second  equation  la  Section  14  (p.271)  of  Reference  4.7  should  read 
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and  the  scaliest  value  o f  c->  for  which  Equation  (4.30),  considered  as  an  equation 
for  k  ,  has  real  roots,  is  is  fact  &>r  as  given  by  Equation  (4.23).  The  lowest 
critical  frequency  for  resonance  is  therefore  the  scaliest  for  which  a  disturbance  of 
the  type  Equation  (4.23)  can  reaain  of  finite  asplitude  at  all  large  distances  froc 
the  sodsl. 

According  to  Equation  (4.28)  the  critical  frequency  is  saall  if  M  is  near  to  one, 
and  ceasurecests  at  high  subsonic  speeds  are  cost  likely  to  be  affected.  It  night 
also  appear  that  &>r  should  be  ssall  for  a  very  large  tunnel,  but  it  aust  be  borne 
in  aind  that  Equation  (4.28)  is  deduced  on  the  assumptions  that  the  tunnel  is  of 
infinite  length  tad  that  viscosity  is  negligible,  and  it  can  therefore  only  roughly 
represent  actual  experiments.  There  is.  nevertheless,  strong  experimental  evidence, 
such  as  that  in  Figure  4.3,  that  the  result  is  approximately  correct. 


x 


The  evaluation  of  the  forces  on  a  thin  wing  in  a  wind  tunnel  requires  either  the 
solution  of  Equation  (4.1)  with  the  appropriate  boundary  conditions,  or  else  a 
solution  of  one  of  the  equivalent  integral  equations.  In  free-stream  flow  the  lift 
and  upwash  distributions  are  related  by  Possio's  equation 
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(4.31) 


where  H*2!(z)  is  a  Haoxel  function  of  argucent  z  ;  the  velocity  potential  on  the 
upper  surface  and  the  upwash  are  related  by 
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(4.32) 


These  relations  can  be  obtained  from  the  corresponding  three-dice nsiccal  integral 
equations  by  integrating  spanwise  with  respect  to  y  . 


In  the  case  of  the  closed  wind  tunnel  the  simulation  of  the  walls  hy  images 
introduces  sums  of  the  fora 

(-1>EH*2S  ^~/(x-x')i  +  y3i(z-nh)i''j  .  (4.33) 

No  analytical  solutions  of  the  integral  equations  codified  in  this  way  seem  to  be 
known,  and  calculations  have  to  be  made  by  approximate  and  numerical  methods. 
Nevertheless,  by  analytical  treatment  of  the  series  Equation  (4.33),  it  was  shows  in 
References  4.10  and  4.11  that  the  sum  is  infinite  when  cob/a  =  (3i  -Vtnfifu , 

(m  =  1,2,3 _ );  obviously  &>r  corresponds  to  m  =  1  . 
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In  Reference  4.12  the  integral  equation  corresponding  to  Equation  (4.31)  is  studied 
and  a  nuaerical  collocation  method  of  solution  is  outlined,  in  which  the  usual 
expansion 

OP 

T  =  aQcoti0  +  nnsinn0  (4.34) 

it*  l 

is  assumed  and  the  upwash  evaluated  at  a  nuaber  of  control  points  oc  the  aerofoil. 
Three  points  were  found  to  be  enough  for  h/c  =  3. 8  ,  and  frequencies  co  <  a>e  . 

In  this  approach  the  aerofoil  in  a  free  stress  is  aerely  a  particular  c&3e. 

Figure  4.3  refers  to  a  wing  pitching  about  the  aid-chord  axis  and  shows  how  the  lift 
varies  with  frequency,  in  particular  the  aorked  effect  os  resonance  is  approached. 

The  experimental  phase  angle  agrees  very  well  with  the  calculated  value  but  the 
aaplitude  of  the  lift  tends  to  be  overestiaeted  by  theory.  Ibis  behaviour  is  typical 
for  the  pitching  aaaent  also  at  Mach  numbers  fro*  0.35  to  0.70  (Ref.  4. 12). 

Evidently  this  aethod  of  calculation  is  reasonably  satisfactory,  provided  the 
nuaerical  work  con  be  tolerated. 

Molyneux  (Ref.  4.39;  1964}  has  pointed  oat  that  the  range  of  frequency  for  which 
the  forces  on  the  oodel  ore  strongly  affected  by  resonance  becsses  narrower  if  the 
size  of  the  model  is  reduced  while  the  height  of  the  tunnel  reaains  constant.  This 
favours  the  use  of  small  models,  Molyneux  also  observes  that  the  sharpness  of  the 
resonance  decreases  as  M  increases,  particularly  os  regards  changes  in  phase  angle. 

If  the  frequency  is  well  below  critical,  the  aethod  described  in  Reference  4. 10 
aay  be  used.  This  again  is  a  collocation  treatment,  based  cn  the  aodified  fora  of 
Equation  (4.32),  and  inrolving  »  expansion  of  the  kernel  in  powers  of  frequency; 
it  is  accordingly  restricted  in  frequency  range.  When  the  frequency  parameter  is 
saall  and  c/h  is  not  large,  the  heaving  and  pitching  derivatives  for  reference  axis 
at  the  aid-chord  (Fig. 4.1)  ore 


According  to  Equations  (4.35)  l'a  and  tend  to  infinity  when  h  tends  to 
infinity  for  a  fixed  c  .  This  agrees  with  the  fact  that  in  a  free  3treaa 
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(Z^)  p  and  (a^)p  dc  become  infinitely  large  for  very  saall  v  .  Although  the  tunnel 
corrections  are  theoretically  infinite,  the  forces  in  Quadrature  with  the  pitching 
notion  are  in  fact  proportional  to  j/(Z^)p  and  ,  which  renain  finite. 

Tabulated  tunnel  corrections  for  the  compressible  case  are  few  in  nuaber,  and  in 
the  nature  of  illustrative  examples  only,  but  enough  evidence  is  available  to  show 
that  the  corrections  can  be  significant  in  practice.  For  example,  the  following 
table,  taken  f roe  Reference  4. 10,  refers  to  a  wing  for  which  h/c  =  4. 75 
oscillating  about  its  aid-chord  axis  in  a  stream  with  M  =  0.7  . 


The  values  Za/(Za)p  and  tan~l(vl^/la)  have  been  used  to  plot  a  series  of 
points  in  Figure  4.3.  These  agree  quite  well  with  the  trend  of  variation  predicted 
by  Reference  4. 12.  although  the  magnitude  of  the  correction  is  different  since  the 
value  of  c/h  is  different. 


4.4  GENERAL  THEORY  FOR  THREE-DIMENSIONAL-  RINGS 

In  this  section  the  calculation  of  tunnel  interference  for  three  diaensions  will 
be  considered  froa  a  general  viewpoint;  corrections  for  tunnels  with  rectangular  and 
circular  sections  will  be  left  until  Sections  4.5.1  and  4.5.2. 


It  will  be  assuaed  that  the  tunnel  is  a  cylinder  of  infinite  length  with  generators 
parallel  to  the  x  axis,  and  that  linearized  inviscid  theory  Bay  be  used.  The  model 
will  be  assuaed  to  lie  in  the  plane  z  =  0  . 

At  the  outset  it  aay  be  pointed  out  that,  even  if  tbe  wing  is  represented  by  a 
lifting  line,  Prandtl’s  tbeoren  relating  the  flow  at  the  wing  to  that  far  downstream 
does  not  apply  to  oscillatory  flow. 


Three-dimensional  lifting-surface  theory  has  now  reached  tbe  stage  where  the 
calculation  of  wing  loading  can  be  carried  out  with  an  accuracy  sufficient  for 
application  to  tunnel  interference  by  one  or  other  of  the  versions  of  the  “kernel 
function"  or  “collocation"  theory,  for  example  References  4. 13,  4. 14  or  4. 15.  The 
success  of  fres-stream  lifting-surface  theory  depends  on  replacing  the  differential 
Equation  (4.1)  by  an  equivalent  integral  equation.  With  the  added  boundary  conditions 
nt  the  tunnel  walls  this  integral  equation  fcecoaes  extremely  complicated.  In  the 
absence  of  special  simplifying  features  an  analytical  solution  of  the  differential 
equation  is  not  possible;  although  a  numerical  finite-difference  treataent  might 
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conceivably  be  atteapted  with  a  high-speed  computer,  no  prograane  for  doing  so  seems 
to  exist.  In  practice,  therefore,  we  are  largely  confined  to  tunnels  for  which  the 
method  of  images  is  possible,  or  to  flow  conditions  (MP  «  1)  for  which  the  method 
suggested  in  Section  4.4.2  is  available. 

Even  when  the  flow  is  such  that  the  lifting-surface  theory  is  of  doubtful 
applicability,  having  for  example  local  supersonic  regions  or  separation  from  the 
leading  edge  of  the  wing,  the  theory  may  be  used  to  estimate  the  far  flow  field. 
Provided  that  the  measured  derivatives  are  available  to  adjust  the  predictions  of 
linearized  theory,  the  conditions  at  the  tunnel  boundary,  and  hence  the  interference 
upwssh,  can  be  established  fairly  accurately. 


4.4.1  Tunnel  Resonance 

This  phenomenon  has  already  been  discussed  in  connection  with  two-dimensional 
tunnels,  but  it  seems  reasonable  to  suppose  that  something  similar  will  occur  in 
three  dimensions  also. 


In  Reference  4.16  arguments  are  put  forward  to  show  that  for  a  three-dimensional 
tunnel  the  critical  frequency  for  resonance  is  given  by 


0  =  M  ' 


(4.36) 


where  k  is  the  smallest  eigenvalue  of  the  equation 


y<f> 

By2  Bz2 


k2<f> 


0  . 


(4.37) 


This  equation  is  to  be  satisfied  inside  the  empty  tunnel  cross-section,  with  the 
boundary  conditions  that  B^/Bn  =  0  at  a  solid  wall  and  d>  =  0  at  an  open  boundary. 
Modes  for  which  the  derivative  of  normal  to  the  plane  of  the  wing  is  zero,  may  be 
ignored.  Reference  4.16  includes  some  calculations  for  open  and  closed  three- 
dimensional  tunnels  and  for  three-dimensional  slotted  tunnels.  Some  experimental 
evidence  supporting  the  view  that  resonance  effects  occur  in  three  dimensions  may  be 
found  in  Reference  4.17. 

For  a  rectangular  tunnel  with  solid  roof  and  floor  the  relevant  critical  frequency 
turns  out  to  be  the  same  as  for  the  two-dimensional  tunnel  of  the  same  height,  if 
the  tunnel  has  open  roof  and  floor  the  critical  frequency  is  doubled.  Por  a  closed  . 
circular  tunnel  of  radius  R  the  critical  frequency  is  given  by 

oiR  /3 

=  1.84-  ,  (4.38) 

0  M 

Acre  x  =  1.84  is  the  first  zero  of  the  Bessel  function  j|(x)  . 

Por  other  cross-sections  the  ease  or  difficulty  of  finding  the  critical  resonance 
frequency  is  simply  that  of  determining  the  eigenvalue  k  of  Equation  (4.37);  in 
general  this  will  have  to  be  done  numerically. 


I. 
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4.4.2  Relations  Between  Steady  and  Unsteady  Interference 


The  basic  idea  underlying  the  method  given  below  is  due  to  Goodman  (Ref.  4. 18;  1953), 
but  the  development  differs  from  his. 


Let  it  be  assumed  that  the  wing  and  its  wake  lie  in  the  plane  z  =  0  .  Then 
according  to  linearized  theory4*13  in  an  unbounded  stream  ?  is  antisymmetric  with 
respect  to  z  ,  and 


«  1 
$U,y,z)  = - 
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3(x' .  y' .  +0)  K(x-x',  y-y',  z)  dx'dy'  , 


(4.39) 


where 


with 


K  =  exp 


^M2(x-x'K  d 

i 


d 

exp  j 

f  h*>MR6l 

l/J 

dz 

l  Vfi  | 

/ R/1 

/ 

Rg  =  [(x-x')2  +  /S2(y-y')2  + /3V] 1  . 


(4.40) 


(4.41) 


The  region  of  integration  in  Equation  (4.39)  is  that  part  of  the  plane  z  =  0  in 
which  ?(x' ,  y' ,  +  0)  t  0  ,  that  is  the  wing  and  its  wake.  If  the  interference 
effect  can  be  represented  by  an  image  system,  Equation  (4.39)  provides  formally  a 
method  of  calculating  the  interference  flow  field  due  to  the  images,  but  the  com¬ 
putation  would  be  formidable.  Nevertheless  a  practical  procedure  can  be  developed 
provided  oM  is  small. 

Consider  first  a  steady  horse-shoe  vortex  of  circulation  F  and  span  2s  in  an 
incompressible  flow.  This  may  be  represented  by 


$(x .  y .  +  0)  =  *T  for  x  >  0  ,  |y|  <  s 

~  0  for  x  <  0  or  |y|  >  s 


(4.42) 


Then  by  Equation  (4.39)  the  associated  flow  field  is  given  by 

r®  -.s 


$  =  $„(x.y,z)  =  - 
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x  =o 


*f 


<-z) 


[(x-x')*  +  (y-y')2  +  z2]3'2 


dx'dy' 


y'»*s 


(4.42) 


Hence 


5  = 


so  that 


Fz 

477 


fX 

1 

(s  -y) 

(s+y)  | 

e  +  z2 

[£2  +  (s-y)2  +  z2]' T  [£2  +  (s+y)2  +  z2]^ 

fz  1 

f  (s-y) 

(s  +  y) 

477  X2  +  Z2 

jjx2  +  (s-y)2  +  zT*  T  lx2  +  (s+y)2  +  z2)* 

df  .  (4.44) 


(4.43) 
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How  consider  an  oscillatory  horse-shoe  vortex  of  the  saae  span  with  circulation 
F=  F1**,  so  that 


$(x'.y',+  0)  =  J-Fexp!-^-')  for  x' >  0  ,  |yf|  <  s 

V  3/ 


=  0 


for  x'  <  0  or  |yf|  >  s 


(4.' 


Hence,  if  the  flow  is  incompressible, 

s 


$  — 


r 

477 


f 


(-Z) 


y'»-s 


[(x-x')2  +  (y-y')2  +  z2] 
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dx'dy' 


(4. 


fz  /iru(g -x)\  _ 1 

“477  esp  ^  o  )  e  + 


(s-y) 


[j2  +  (s-y>2  +  z2]!  l£2  +  (s+y)2  +  z2]* 


(s+y) 


/i7»(£-x)\a 

-  exp  ( - )  - 

V  0  J 


iru(£-x)\  B$v(f,y,z) 


d£ 


(4. 


Alternatively  Equation  (4.48)  cay  be  written 


_  i  co  f  iwx\  _ 

$  =  §v(x.y.z)  -  — exp  J  exp  9v(^,y.z)  ilf  •  (4- 

J  —CD 


Equation  (4.49)  refers  to  the  free-streaa  values  of  §  and  §y  .  If  $v  Is 
taken  to  represent  the  potential  of  a  horse-shoe  vortex  in  the  presence  of  a  tunne 
a  function  $  nay  still  be  calculated  froa  it  hy  Equation  (4.49).  Now  =  0 

and  it  followsfma  Equation  (4.48)  and  the  vanishing  of  <±>v  and  its  derivatives 
x=~co  that  V2#  -  0  .  Moreover,  if  on  the  walls  B^/Bn  =  0  ,  it  fallows  from 
Equation  (4.48)  or  (4.49)  that  B$/3n  =  0  ;  similarly  if  $v  =  0  at  the  tunnel 
boundary,  then  $  =  0  .  Thus  §  -  $eiat  is  the  oscillatory  velocity  potential  in 
the  presence  of  the  tunnel  walls.  Since  both  the  free-streaa  and  wind-tmmel  vals 


of  ?  and  #v  are  related  by  Equations  (4.48)  and  (4.49),  it  fellows  that  the 


interference  fields  satisfy  the  saae  relations. 


The  foregoing  arguaent  is  based  on  the  assuaption  that  M  =  0  .  If  M  is  not 
zero  then  5  is  found  by  substituting  froa  Equation  (4.46)  into  Equation  (4.39). 
This  yields 

f®  ps 

tr  exp  ^Jk(x-x'  .  y-y' .  z)  ds'dy'  , 
ly '*-s 


§(.*,y,z)  =  -  — 
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Jy  'aO  J 


) 


that  is,  by  Equations  (4.40)  and  (4,41) 


*0  pg 

x  1  lB  /ioz'N  /W;«-x')\  /'iuML)\02z/  icdCtN  .  ,  . 

$  =  _  ifexp - -  exp. - V — *  }exp  i - -f  j  ax'd r'  . 

2n  \  P  }  v\  US*  J  \  Vfi'J  R|  V  j 

Jxr«oJy'»- 


(4.50) 


Then  by  an  arguaent  similar  to  tha;  in  AppeM-ix  I  ol  Refeiebee  4.19  it  can  be  shown 
that  tor  snail  u>  Equation  (4.53)  sa?  be  placed  by 


f®  r* 


-  >s2rz 

$  -  — 


iz'*o 


/  innt'N  /&U:(x-x'$\  1  , 

{ . —  )a^( - -5 - )  —  <jy%,+  0(a>zlcfcJ)  .  (4.61) 

V  0  J  V  J  6J 


If  the  integration  with  rGspect  to  s’  is  perfcvaad  it  follows  fro*  Equation  (0.45) 
that 

'X/& 

-  f  i coz\  { kuA3<f>  (^.y.z) 

$  =  eip  j-  )  oxp  - df  +  0(co2  Icgcj)  .  (4.52) 


By  virtue  of  the  fact  that  V2#v  =  0  it  follows  that  $  .  as  given  b>  the  integral 
•in  Equation  (4.52),  satisfies 


B2?  B2#  2iv**d§  a;2*2- 

Bx2  +  By2  +  Bz2  u"~  Bx'o5^*  =  °  * 


(4.53) 


so  that,  provided  a,2  is  negligible,  *  satisfies  Equation  c‘4.S).  Moreover  as  for 
incompressible  flow  $  represents  flow  in  the  tunnel,  or  in  a  free  stress, 
according  as  $v  does  so;  hence,  if  §y  represents  the  interference  in  steady 
incompressible  flow,  then  5  is  the  interference  in  oscillatory  compressible  flow 
with  an  error  of  order  co2  logw  .  An  alternative  form  of  Equation  (4.52)  is 


f3 

fx  \  ia>  /  ia*\ 

\w)\3-s’z)-rem{-T) 

Jh 


which  reduces  to  Equation  (4.49)  if  W  =  0  . 


* ... 


7,Z)  df  .  (4.! 


The  interference  upwash  angle  due  to  an  oscillatory  horse-shoe  vertex  of  span  2s 
and  circulation  T  =  FeicJt  will  be  written  in  the  form 


i  ^ S(X  1. 1.  . 

0  D  Ud  \d  d  d  0  j 


(4.55) 


where  d  is  a  representative  length  of  the  tunnel  cross-section.  Then  Equation  (4.54) 
becomes 


■4 


244 


=  exp(-l^) 


—  [S(0, 7?:cr.  0)3  «p 

do 

< 


(4.56) 


where 


£  =  x/d 
7J  =  y/d 
or  =  a/d 

fj.  =  fidd/G 


(4.57) 


4.4.3  Gaerei  Interference  Corrections 

Ip.  order  to  apply  the  theory  of  Section  4.4.2.  it  is  necessary  to  know  the  inter¬ 
ference  upwash  due  to  a  steady  horse-shoe  Yortex.  and  noreoTer  this  mist  be  known  for 
all  points  upstreas  of  the  sodel.  It  is  then  necessary  to  express  the  potential 
distribution  round  the  oscillating  aodel  in  tens  of  those  of  horse-shoe  wortices. 


Consider  first  a  steady  lift  distribution  syaaetricel  with  respect  to  y  .  It  say 
be  shosa**20  that  the  interference  upwash  is  given  by 


wt (x.y) 
U 


1 

2d 


8  » 


y  *o 


Kx  .  y  )  zr~: 


By' 


x  '*Xj  (y') 


(x~x>  i-  zl 

V  d  *  d*  d  *  c/ 


dx'dy' 


r£T(V) 


Jn7«0 


7(f ' .  V>  r-T  [?(£-#' .  -7:  V .  P>3  d£'V  .  (4.58) 

Bt?7 


f '-cL(v') 


where  8  i3  given  by  Equation  (4. 56) .  The  planes  y  =  0  ted  tj  =  0  need  not  be 

sjKietrically  situated  in  the  tunnel,  indeed  the  tunnel  need  not  bare  any  syaaetry  at 

all  provided  tbut  It  is  cylindrical,  but  8  aust  refer  to  a  horse-shoe  Yortex  lying 

is  z  -  0  and  symmetrical  about  y  =  0  . 

• 

Frr  a  distribution  of  lift  aatisyaaetrical  with  respect  to  y  -  0  ,  Equation  (4.58) 
will  still  hold5*25,  provided  8(f ,  rj;  a,  C)  cow  defines  the  interference  upwash 
angle  doe  to  the  distribution  of  potential  on  2  =  +0  given  by 
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2|y| 

o 


x  >  0  and 

Uri  <  s 

x  <  0  or 

jy|  >  s 

to  such  a  distribution; 

{4.59) 


Equation  (4.56)  still  bolds.  Sisco  any  lift  distribution  say  be  spilt  into  symmetrical 
and  anti&ysastricsl  parts,  tbe  corresponding  interference  upwash  any  be  calculated. 


Of  coarse  is  most  experiments  l  will  not  be  measured  in  sufficient  detail  to 
apply  Equation  (4.58)  directly.  Generally  one  or  sore  derivatives  will  be  found,  that 
is  to  say  there  will  be  available  weighted  integrals  of  l  over  tbe  plasfora.  A 
possible  simplification  is  to  assure  that  the  real  and  imaginary  parts  of  1  may  be 
concentrated  on  the  curves  passing  through  their  respective  theoretical  centres  of 
pressure  at  each  apsnwise  position.  Soppose  the  centres  of  pressure  are  defined  by 


€'  -  £k(i 7')  »d  €'  = 


C4-« » 


Thai  Equation  (4.55)  bee  ones 


_  1 
G  2 


<10 


+  iLjCV)  ~  CS(£2 .^;V./x)3j  dif  .  (4.81) 

where 

1^(77')  +  ALjO?')  =  l(s’  .  T}:)  df '  ,  {4.62) 

JfL07') 

and  after  the  differentiation  we  put 

£x  =  £  -  £%(v'y  ,  ia  =  i  -  ijiv*)  .  «.«3) 


This  should  be  &  valid  approximation  provided  the  chord  of  the  wing  is  small 
compared  with  the  dimensions  of  the  tunnel. 

fei  alternative  method  may  he  found  by  observing  that  the  circulation  round  any 
section  of  the  wing  is  given  by 


Gd 


r  =  r.  +  ir.  =  - 


efT(uf> 


l<£’  .  V)  exp  {i/i[^-#T(7?')3}  d£'  .  (4.64) 


sod  then  regarding  and  Pt  as  being  concentrated  into  Tortices  along  tbe  curves 
C‘ 1  -  and  g*  =  ^jO)')  •  Then  in  Equation  (4.81)  L*  most  be  replaced  by 
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21^/tJd  and  L-  tor  2FX  /Od  .  Provided  that  the  chord  is  nail,  the  difference  in 
the  calculated  values  of  w,/U  *111  be  ssall.  If  the  chord  ia  large  neither  fora 
*111  be  accurate,  but  fortaately  fairly  crude  representations  of  the  wodel  are 
usually  satisfactory  for  interference  calculations. 


A  farther  approximation  is  obtained  by  assuming  that  the  span  of  the  wing,  as  well 
as  its  chord,  is  small  relative  to  the  tunnel.  This  will  be  dealt  with  in 
Section  4.5.2. 


The  calculation  is  very  such  facilitated  when  a  theoretical  treatment  by  cue  of 
the  available  lifting-surface  theories  for  oscillating  wings  (e.g.  Befs.4.13  to  4.15) 
is  carried  out  in  ecajuncticn  with  the  experiments.  If  such  a  calculation  has  been 
performed,  there  are  available  a  theoretical  lift  distribution  and  the  required 
theoretical  derivatives.  Suppose  that  tbe  wing  is  oscillating  in  some  mode 


2  =  o^iutp(z.7 )  =  qp(x.y)  . 


<4.65} 


and  that  measurements  ere  made  of  the  amplitude  q  and  tbe  generalized  forces 


=  ||  Z{x,y)pa<x.y) 


dxdy  (a  =  2.2 . )  , 


(4.66) 


where  is  a  weighting  function.  The  theoretical  free-strea*  lift  distribution 
and  derivatives  (3pb/3q)?  may  be  calculated,  and  hence  the  corresponding  theoretical 
interference  upwash  ?i  is  evaluated  fron  Equation  (4.53).  Again  by  lifting-surface 
theory  the  distribution  ij  may  be  converted  into  theoretical  Increments  (oPa/Bq)j 
due  to  wall  interference.  A  linear  factor  (PJ/q)/(3P1/3q)p  is  applied  to  the 
theoretical  free-strea*  loading,  so  that  it  becomes  consistent  with  the  measured 


generalized  force 


Then  tbe  contribution  to 


due  to  wall  interference  is 


§?  -  Pi(BPa/3q)i 

n  (BPj/BqV 


(4iS7) 


The  wall  interference  can  be  regarded  as  a  correction  Aq  to  be  applied  to  the 
measured  amplitude  q  and  residual  corrections 


APa  =  -SPa  +Aq(3Pn/3q)p 


(4.83) 


It  may  be  convenient  to  choose 

Aq  _  (Bpj/dqJj 
?T  ”  (3P 


so  that 


(oP,/3q)| 


(4.69) 


["/3pA  fa Pj\  fa PA  fa?n\ 

[VWr  V  Vi  VVrWiJ 
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The  right-hand  sides  of  Equations  (4.69)  are  theoretically  determined  complex  numbers, 
so  that  la  general  Aq  involves  a  phase  shift  as  veil  as  a  change  is  amplitude. 

If  only  one  force  has  bees  measured  there  is  no  choice  is  the  above  procedure,  but 
if  several  have  bees  measured  some  care  asst  be  taka,  for  erwsple,  if  P&  is  a 
control  hinge  moment  giving  no  infonation  about  T(x,y)  off  the  control  surface. 


then  it  is  probably  beat  to  take 
can  be  estimated. 


P,  to  be  the  overall  lift,  if  this  is  aeasored  or 


4.5  APPLICATION  TO  TBIEE-DINENSIONAL  UNfiS 
IN  CLOSES  TUNNELS 

The  general  theory  of  Section  4.4  is  no*  applied  to  closed  rectangular  and 
circular  tunnels  (Sections  4.5.1  and  4.5.2).  There  are  great  simplifications  for 
snail  sings  (Section  4.5.3),  and  these  fora  the  basis  of  an  approximate  treatment  of 
mail  interference  for  oscillating  slender  sings  (Section  4,5.4).  Scse  numerical 
examples  are  given  in  Section  4.5.5. 

4.5. 1  Bectamgalar  Tnaaels 

Before  applying  tbe  theory  developed  above  ve  observe  that,  since  the  interference 
in  s  rectangular  tunnel  may  be  represented  by  an  image  system,  expressions  for  the 
interference  potential  may  be  written  down  at  once  by  a  simple  extension  of  free- 
streaa  subsonic  lifting-surface  theory.  For  a  ring  symmetrically  placed  In  a  closed 
rectangular  tunnel  the  kernel  function  in  Equation  (4.39)  has  to  be  replaced  by 


XI  XI  (-D^Ux-V,  y-y'-mb,  z-z'-nh)  , 

■b-cb  B«-w 


(4.70) 


where  b  is  the  breadth  of  the  tunnel  and  h  its  height.  The  interference  upwash 
for  a  given  $(x' .  s' .  +  0)  is  obtained  by  omitting  the  term  *  =  n  =  0  from  the 
double  summation;  alternatively  Equation  (4.39)  as  modified  by  Equation  (4.70)  may  be 
regarded  as  an  integral  equation  for  ?(x ' ,  s' ,  +  0)  .  The  same  remarks  apply  to  an 
alternative  form  of  lifting-surface  theory  such  as  Esferescs  4. 15  which  uses  tbe 
loading  l  as  the  unknown  instead  of  ?  .  For  tbe  wing  symmetrically  situated  in  a 
rectangular  tunnel  this  gives 


w(x.y.O) 


=  lim 
z-o 


if* 

I  _  O  OP 

l(x! ,  yf)  £  XI  <- 2 
Bn  m*-®  n*-<e 

v« 


)ES<x~sf,  y-y'-mb,  z-nh)  dxfdy*‘ 

(4.71) 


where 

ifa-x'.  y-y,t  2) 


rx-z 


ds 

dp 


exp 


[- ~  [<x-x'>  -i  +  |2  ^/5*(y-rV*£V  ■ 
+  $‘(7-ss)2  +  0*z2 


(4.72) 
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Obfortunately  both  of  the  expressions  Equations  (4.701  and  (4.7!)  are  too  unwieldy 
for  practical  computation,  except  in  special  cases.  Moreover,  iu  view  of  the  renarks 
on  tunnel  resonance  in  Section  4.4.1,  it  nay  be  expected  that  the  suns  will  become 
infinite  for  critical  values  of  u> . 

In  order  tc  apply  the  nethod  proposed  in  Section  4.4.2  it  is  necessary  to  consider 
first  the  interference  in  the  steady  case.  Proa  Equation  (4.55)  and  Equation  (7)  of 
Reference  4.20  it  nay  be  shorn  that* 

a  L  A  y-»\  _  A  y+Al  _ 


„  „  d  Ay-  *\  A  y+*\ 


where 


1  b  fb  k  b\\  irb\  h 

?,  (k.X.)  = - .  f,  ( — .  — j+7rccsech - - 

1  4jt  fa  1  \  b  h  J  h  b\ 


a»i  — 


fbK  b(X.+a)'\  A  k  b(X-n)\ 

V  ~J+t(r-  — ) 


ufa<\+n)  nb(\-i 

+  77cosech -  +7rcosech - 

b  h 


(4.73) 


(4.74) 


» t  f  1  1 

K,y)  /  (*1)  1  2  2  ^  2  2  ’  9 

Vxz  +  y2  +  n2  [x2  +  n2  y2  -s-  nz 


(4.75) 


xy  j  1  1  ] 

f.(x.y)  =  f(x,y)  -  /  t  +  • 

1  vx*  +  y2 [x2  y  J 


(4.70) 


Tables  of  f(x.y)  Key  be  found  in  Reference  4.20. 

Then  by  Equations  (4.73)  and  (4.56) 

tf/fi  r 

d  d  / dd  d(77-CT)\ 

Ht.-r.*.#  =  jjj  n\T-  “T7- 


(£?d  d(7j+cr)\ 

y  — )\ 


(4.77) 


*  Is  lefereace  4.20  the  typical  length  d  was  takes  to  be  the  tau.el  breadth  b  ;  in  the  preseat 
expoeitloD  d  will  be  left  ctseral  until  nooerlcal  exmplea  are  gives  is  Sectioa  4.5.5. 


-V  .i- 


~«»»s3r*itcnewW''  t  1  ‘ 


No  difficulty  arises  in  these  calculations  since  the  series  is  Equation  (4.74)  is 
rapidly  convergent,  and  the  ^infinite  integral  in  Equation  (4.77)  converges  fay  virtue 
of  the  fact  that  ?x  =  0(£“;)  as  £  -  »a>  . 

If  ft  is  small, 

s<£ =  ;  (1+f7r)  •'(!•  i  |  <*«») 


'f/?p  -j 

£  T2) ]-•  <« 

'•(Q 


Further,  it  follows  froa  Equation  (4.77)  that  S  tends  to  zero  as  ft  tends  to 
infinity. 

The  function  required  for  the  calculation  of  the  interference  upwash  by 
Equation  (4.58)  or  (4.61)  is  B[S(£ ,  i?;  v’  ./*)]/BV  •  If  «  put 

BP.  (*,k) 

-  — V-  ( 


<4.79) 


a 

n/A  ^  d*  / _  /£d  i?d\ 


1/id2  I  /W\  /fcd  i7d\ 


(4.80) 


r-*;  r s<£ .yiy’ ~  8(g .y-i)’ :ti)  +  (Hg.V+l*  iu)  . 


(4.81) 


and,  by  Equation  (4.58).  for  a  symmetrical  lift  distribution. 


*,  (g.V)  1 


Hg\'n’wg-£' ,  v-v' ;  m) 


(4.82) 


The  interference  upwash  sill  be  required  at  whatever  set  of  points  is  employsd  in 
the  lifting-surface  theory  used  to  estimate  T  .  This  fixes  the  set  of  values  of 
(£.7j)  in  Equation  (4.82),  wad  hence  the  region  in  which  G(£,  ft)  has  to  be 
determined.  The  tabulation  of  G(£ ,  X ;  ft)  in  this  region  is  the  main  pert  of  tha 
computation  involved,  and  has  to  be  followed  by  integration  over  the  pltaform.  This 
method  involves  too  much  numerical  work  to  be  generally  practicable. 


WWJNOM*! 


' 


*  3 


Hie  approximate  Equation  (4.61)  may  be  written 

- 

=  -  {i.*(y)Qfc--^(V>.W:/d  + 

0  2  I  * 

Jl)  «-<T 


-{-  iLI(77,)a[^-^1(?/')  ;mJ>  *?#  * 


(4.83) 


this  still  involves  the  tabulation  of  G(g ,  7) ;  fx)  for  otte  or  nore  values  of  /t  . 
although  only  a  single  integration  is  necessary  after  that.  A  few  examples  of 
calculations  fay  this  nethod  are  given  is  Reference  4.20. 

Par  routine  use  it  is  desirable  to  represent  the  vorticity  distribution  over  the 
wing  fay  discrete  horse-shoe  vortices,  as  few  in  number  as  possible.  The  calculation 
then  reduces  to  the  determination  of  8  for  each  of  them.  By  Equation  (4.77)  this 
involves  the  calculation  of  F1(£.\)  for  several  specified  values  of  \  and  all 
points,  g  ,  upstream  of  the  model. 

■Re  calculation  for  antlsyametrical  lift  distributions  is  formally  similar;  the 
basic  equations  nay  be  found  in  Reference  4.20. 

4.S.2  Circular  Tunnels 

Just  as  for  the  rectangular  tunnel,  the  first  point  which  arises  is  the  avail¬ 
ability  of  the  interference  upwash  of  a  horse- shoe  vortex  in  steady  flow.  In 
Reference  4.21  expressions  are  obtained  for  the  interference  upwash  due  to  an 
elementary  horee-sboe  vortex  arbitrarily  situated  in  the  tunnel,  but  they  are  rather 
complicated  infinite  series  and  only  a  few  numerical  values  are  given.  Eisenstadt 
(Ref. 4. 22;  1947)  has  given  tables  of  interference  upwash  for  horse»shoe  vortices 
covering  a  range  of  spans  and  upwash  positions  which  should  be  adequate  for  the 
majority  of  wings.  Eisenstadt’ s  tables  include  the  interference  upwash  for  horse-shoe 
vortices  with  swept  cross-stream  parts  and  can  moreover  be  used  for  antlsyametrical 
as  well  as  symmetrical  lift  distributions. 

Once  the  required  steady  data  have  been  obtained,  the  procedure  of  Reference  4.23 
can  be  applied;  this  is  almost  identical  to  that  for  a  rectangular  tunnel,  and  it  is 
unnecessary  to  elaborate  on  it  here.  The  results  of  a  typical  calculation  are  given 
in  Section  4.5.5. 


4.5.3  Small  Wings 

If  the  overall  chord  and  span  are  both  small  compared  with  the  tunnel  dimensions, 
the  lift  may  be  regarded  as  being  concentrated  at  a  single  point.  Consider  first  a 
closed  rectangular  tunnel  and  suppose  the  small  wing  is  at  the  origin.  Sqwatioo  (4.82) 
then  becomes 

h  =  !EkG •  <«•«*> 


(4.84) 
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(4.89) 


so  that  we  recover  tbs  usual  expression  for  stead;  interference  (cf.  o'1 ’  in 
Section  3.2.2).  A  wore  straightforward  aethod  of  tabulating  SQ  ,  ,  S'  is 

described  in  Reference  4.23,  which  includes  a  table  of  their  values.  The;  are  plotted 
in  Figure  4.4. 


Reference  4.23  also  gives,  for  incoapressible  flow,  the  interference  upwash  for  a 
Mail  wing  in  a  closed  circular  tunnel  of  radius  R  ;  b;  Equation  (4.56)  the  com- 
pressibllit;  factors  are  the  sane  as  in  Equations  (4.87),  and  hence 


w.  SC.  ^  x  „  iwR  /  ,  x  \ 

-i  = — k§„+— S.+ - (S'  +  —  S') 

0  wB2  0  2R  1  0  \°  2R  y 


where 


80  =  0.125,  =  0.25  p'1 

S0'  =  -0.07  jS*1  ,  S'  =  -0.25 


(4.90) 


(4.91) 


Goodman*' 18  has  given  an  analysis  fa;  a' aethod  basically  that  of  Section  4.4.2  for 
the  saall  wing  in  the  circular  tunnel,  but  without  assuming  that  x  and  &R/U  are 
Mall.  The  results  are  presented  in  the  font  of  a  chart  which,  apart  fron  a  number 
of  aisprints,  appears  to  be  consistent  with  Equations  (4.91). 

For  a  tunnel  of  an;  cross-section  the  quantities  8Q  ,  ,  S'  and  S'  may  be 

found  from  Equation  (4.56)  provided  8(£ ,  77 ;  cr ,  0)  is  known. 

An  alternative  approach,  valid  when  M  =  0  ,  has  been  given  by  W.P. Jones  (Ref.  4. 24; 
1943).  His  aethod  may  be  illustrated  by  referring  to  Equation  (4.71)  which,  for 
M  =  0  ,  leads  to  the  following  expression  for  the  interference  upwash 


i(x'.j') 


exp  - 


i£o(x- 


;-x'j\  AoA 


_  [2n2h2  -  (;'  +  ah)2  -  tj7]  ,  , 

2.Z. w>  ip 4fd,dy  ■  (a-° * °-0)  - 


(4.92) 


where  it  is  assuaed  that  wt/U  is  independent  of  ;  .  When  it  is  also  assumed  that 
the  wing  is  Mall,  Equation  (4.92)  leads  to 
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(4.93) 


The  second  suaoation  is  that  encountered  as  8* 11  in  the  treatsent  of  stead;  inter¬ 
ference  given  in  Section  3.2.2.  The  integrals  in  Equation  (4.93)  are  studied  in 
Reference  4.24  and  reduced  to  tractable  expressions. 


4. 5. 4  Slender  tings 


If  the  nodel  is  very  slender,  it  nay  be  regarded  as  aade  up  of  a  number  of  snail 
wings  arranged  in  the  streanwise  direction.  Consider  a  slender  wing  oscillating  with 
snail  frequency  paraaeter  in  a  closed  rectangular  tunnel.  It  follows  froo 
Equation  (4.86)  that  the  interference  upwash  is  given  by*'25 


w, 

?  "•0> 
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bh 


~H€.  y) 


d£dy 


(4.94) 


where  SQ  ,  St  ,  SJ  and  S'  are  given  in  Equations  (4.87),  and  Cm  refers  to  the 
nose-up  pitching  nosent  about  the  axis  x  =  0  .  A  sinilar  formula  cay  be  constructed 
for  any  tunnel  for  which  SQ  ,  3.  ,  8'  and  S'  are  known. 


The  interference,  upwash  nay  be  used  to  calculate  the  overall  corrections  to  forces 
and  Bcaents  as  for  general  wings,  but  since  the  wing  is  slender  the  aerodynaaics  are 
considerably  simplified,  especially  because  ij  say  be  regarded  as  independent  of 
y  .  Proa  the  foraula  of  unsteady  slender-wing  theory*'26  the  correction  to  lift  per 
unit  length  in  the  streaawiss  direction  corresponding  to  Wj  is 


Al,(x) 


(4.S5) 


where  s(x)  is  the  local  span. 

An  exasple  of  the  application  of  Equations  (4.94)  and  (4.95)  say  be  found  in 
Reference  4.25. 


4.5.5  N*cterical  Examples 


Only  a  small  amount  of  numerical  data  on  the  numerical  corrections  to  three- 
oiaensional  wings  has  been  published,  and  this  is  entirely  confined  to  incompressible 
flow.  The  reason  is  obviously  the  fact  that  heavy  computation  is  involved  unless 
drastic  simplifying  assumptions  are  aule.  The  earliest  attempt  on  the  problea  seems 
to  be  that  by  If. P. Jones  {Ref. 4. 24;  1943)  described  in  Section  4.5.3.  It  la  assumed 
that  the  wing  is  saall  although  the  frequency  is  left  general.  Some  numerical  values 
are  given  for  the  corrected  snd  uncorrectf.d  pitching  derivatives  of  rectangGlar  sings 
in  h  tunnel  of  square  cross-section. 

An  eissple  of  calculation  for  which  the  wing  wps  not  assumed  to  be  small  is  given 
in  Reference  4.23.  A  model  with  the  swept  planfora  shown  in  Figure  4.5  was  assumed 
co  be  performing  low-frequency  pitching  oscillation^  in  the  closed  circular  tunnel 
shown  there.  Two  pitching  axes  were  considered,  as  shewn  in  figure  4.5.  The 
theoretical  pitching  derivatives.  Os  determined  by  the  method  ol  Reference  4.19, 
are  given  in  the  following  table. 


-®a 

0.852 

0.852 

0.892 

0.738 

0.055 

-0.099 

It  was  assuaed  that  the  parts  of  the  circulate  ">n  in  phase  and  in  quadrature  with  the 
incidence  could  be  regarded  as  concentrated  in  horse-shoe  vertices  with  their  finite 
parts  swept  through  80°  and  seai-span  equal  to  0.35  of  the  tunnel  radius.  The 
position  and  strength  of  these  vortices  are  then  easily  calculated  fro*  the  pitching 
derivatives  given  shove,  and  are  plotted  in  Figure  4.5.  Since  the  interference  for 
steady  horse-shoe  vortices  of  this  planfors  is  tabulated  in  Reference  4.22,  it  is 
a  straightforward  matter  to  calculate  the  required  oscillatory  interference  upwash 
distribution  by  Equation  (4. 55),  Since  the  interference  forces  were  also  calculated 
by  the  sethod  of  Reference  4. 19  with  2  cbordwise  and  5  spsawise  stations,  these 
upwsshes  were  in  fact  required  at  only  sis  points  on  tbs  half  wing.  The  overall 
interference  increments  to  the  derivatives  for  the  two  pitching  axes  are  gi*-en  below. 


5(ta) 


0.051 


c  35 j  -o.ooo  -o.eox 


It  is  interesting  to  compare  these  values  with  those  obtained  by  the  “ssall-wingr 
aethod  of  Section  4.5.3,  which  gives 
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0.613 

0.738 

0.051 

0.051 

0. 013 5 

0.C34 

_ 

0.009 

-0.001 

0.003 

0.001  ! 

i 

_ 1 

The  differences  between  the  values  computed  by  the  two  aethods  are  negligible  except 
for  81^  when  it  is  of  order  0.01.  Even  this  is  only  aarginally  significant  compared 
with  the  accuracy  of  present  experimental  techniques.  The  inference  is  that,  for 
wings  up  to  the  size  shown  in  Figure  4.5,  the  ssall-wing  approxiaation  is  probably 
adequate,  when  the  frequency  parameter  is  sasll. 

The  ssall-win?  theories  of  Jones** 24  and  Goodman5* **  both  predict  that  the  inter¬ 
ference  effects  decrease  rapidly  to  zero  when  the  frequency  parameter  be cooes  large, 
but  nevertheless  resain  significant  over  such  of  the  practical  range.  This  effect 
say  be  illustrated  by  Pigures  4.6(a)  and  (b)  which  show  respectively  the  in-phase  and 
quadrature  components  of  interference  upwash  in  a  closed  9x7  rectangular  tunnel  due 
to  a  horse-shoe  vortex  with  2s/b  =  0.4  .  Rote  hon,  for  positive  £  ,  the  in-phase 
part  decreases  as  n  increases,  while  the  part  in  quadrature  at  first  increases  but 
„  eventually  starts  to  decrease. 

I 

’  The  effect  of  aodel  size  and  frequency  *ay  be  illustrated  by  so*e  calculations 

ires  Reference  4.20.  A  cropped  delta  wing  of  aspect  ratio  2s/c  =1.8  and  taper 
ratio.  ct/cr  =  1/7  is  assessed  to  be  performing  pitching  oscillations  about  as  axis 
through  its  apex  in  a  closed  rectangular  9x7  tunnel.  The  load  distributions  are 
calculated  by  the  lifting-surface  theories  of  References  4.19  and  4.27  for  the  low 
and  finite  frequency  cases  respectively,  and  the  interference  upwash  is  obtained  fro* 
Equation  <4.31)  with  tbs  lift  replaced  by  the  circulation  as  suggested  after 
Equation  (4.64).  The  results  obtained  say  oe  snacarized  as  in  the  following  table 
in  the  notation  of  Section  4.4.3. 


co b 

U 

2s 

*b 

*go 

CL 

Acm  i 

cL 

-  0 

0.25 

0.006  -  i fi  0.003 

0.001  -  iu  0.001 

-  0 

0.50 

0.029  -  ifi  0.027 

0. 006  -  in  0.008 

-  0 

0.75 

0.076  -  in  0.103 

0.020  -  ifi  0.025 

1.6 

0  50 

0.000  -  ifi  0.0CS 

-0.001  -  ifi  0.002 

_  These  corrections  are  given  as  a  correction  to  and  a  residual  correction  to 
C#  .  The  complex  value  of  CL  would  be  detemined  fro*  wind-tuenei  aeasureoents. 

Te  eay  note  the  rapid  increase  in  the  corrections  as  2s/b  increases,  sad  that  the 
correction  to  incidence  involves  a  change  of  phase  as  well  as  magnitude.  Indeed  it 
is  obvious  that  for  2s /b  =  0.75  the  model  would  be  too  large  for  aeasurments  to  be 
satisfactory.  The  effect  of  taking  the  frequency  to  be  so  longer  ewall  is  a  large 


reduction  in  the  corrections,  as  sight  be  expected  free  the  results  of  Reference  4.10 
and  Figure  4.8.  Of  course  these  rewarks  apply  only  to  this  particular  configuration, 
and  it  would  be  rash  to  generalize  then. 


4.8  PERFORATED  AND  SLOTTED  RALLS 

The  use  or  ventilated  tunnels  is  essential,  if  a  fixed  wall  geowetry  is  to  be 
preserved  for  aeasurewents  in  transonic  flow.  The  usual  way  of  achieving  this  is  tc 
use  either  a  perforated  tunnel,  having  a  large  nueber  of  saall  holes  in  one  or  sore 
of  its  sides,  or  a  slotted  tunnel,  usually  with  the  slots  parallel  to  the  direction 
of  flow. 


In  practice,  tunnels  with  perforated  walls  are  the  less  coaaon.  but  cost  of  the 
available  oscillatory  theories  are  in  fact  concerned  with  then  and  relate  to  the 
boundary  condition  in  Equation  (4.7).  It  is  assuaed  that  the  perturbation  velocities 
are  saall.  so  that  Equation  (4.7)  is  taken  in  its  linearized  fora 


3$  i  o>  - 

'  —  +  — <?  = 
Bx  0 


(4.96) 


For  perforated  tunnels  to  be  seen  able  to  these  theories,  it  is  necessary  to  find  a 
constant  value  of  P  to  use  in  Equation  (4.96),  which  then  hecoees  a  siaple 
homogeneous  boundary  condition.  The  parameter  P  for  steady  flow  in  perforated 
tunnels  is  discussed  in  Section  6.7.  It  is  not  known  whether  the  parsseter  should 
resain  unchanged  for  oscillatory  flow;  possibly  P  should  then  be  coapiex.  and 
results  obtained  using  Equation  (4.96)  should  not  he  trusted  if  the  frequency  is 
large. 

The  two-dinensional  proble*  of  a  slowly  oscillating  aerofoil  symmetrically  situated 
between  perforated  walls  has  been  investigated  by  Drake* ' 29 ',2?.  using  the  boundary 
condition  Equation  (4.96).  Ke  derives  an  integral  equation  expressing  the  known 
upwash  distribution  on  the  aerofoil  as  ajreighted  integral  of  the  lift  distribution 
T  .  and  obtains  solutions  by  expanding  T  in  a  series  sisilar  to  that  in  Equation  (4.34) 
uith  coefficients  assuaed  to  be  linear  functions  of  frequency.  Gifortunately  the 
expressions  for  the  derivatives  given  in  Reference  4.29  are  incorrect. 

There  is  an  alternative  treatment  due  to  Rosenblat*’30,  which  is  restricted  to 
low-frequency  oscillations  i'a  incompressible  flow.  The  derivatives  are  given  as  com¬ 
plicated  analytical  expressions  and  have  not  been  evaluated, 

Drake**31  has  also  treated  sose  transonic  flow  problems  involving  perforated 
tunnels  by  solving  Equation  (4.9)  for  tb9  following  three  cases 

(i)  two-disensional  wing  aidway  between  two  perforated  walls, 

(ii)  slender  wing  eidway  between  infinite  perforated  roof  and  floor, 

(ill)  slender  wing  in  a  rectangular  tunnel  with  solid  side-walls  and  perforated 
roof  and  floor. 
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In  all  these  cases  aatheaaiiccl  difficulties  require  that  the  frequency  parameter  is 
spall,  and  in  (ii)  and  (ill)  that  the  porosity  paraeter  is  seal!,  the  use  of 


Equation  (4.9)  also  is poses  the  restriction4 * 32  that  the  thickness  has  to  be  very 


ss&ll.  Drake’s  formiae  for  the  derivatives  are  too  lengthy  to  be  given  here 
are  for  the  most  part  fairly  straightforward  to  evalnate  numerically. 


hat 


The  hoeogeneons  boundary  coodition  for  steady  flow  in  slotted  tunnels  is  given  in 
Chapter  VI  as  Equation  (6.1).  The  corresponding  condition  for  oscillatory  flow  ia 
sot  knows  with  certainty,  but  fros  the  analysis  of  Reference  4.40  it  seess  plausible 
to  assoae  that  it  should  be 


\Bx  \  ** 


5 

Bn 


=  0 


(4.97) 


where,  for  rectangular  tunnels  with  solid  side-walls  and  the  roof  and  floor  each 
having  N  equally  spaced  slots  of  width  a  . 


b  7tffa 

K  =  —  log„  cosec - 

t?N  *  2b 


(4.83) 


Equation  (4.97)  is  perhajs  harder  to  Apply  than  the  boundary  condition  for  the  per¬ 
forated  tunnel  in  Equation  (4.96),  while  its  validity  is  possibly  even  sore  dubious 
if  the  frequency  is  large. 


It  is  now  necessary  to  enquire  if  the  steady  and  unsteady  interference  flow  fields 
in  ventilated  tunnels  are  related  by  the  simple  Equation  (4.56).  This  depends  on 
whether  cr  not  the  unsteady  potential  §  ,  defined  by  Equation  (4.48)  or  (4,52), 
satisfies  the  unsteady  boundary  condition  when  $y  satisfies  the  steady  boundary 
condition.  It  say  be  deduced  that  this  Is  not  true  for  tunnels  with  boundary  con¬ 
dition  (4. 96)  or  (4.97),  because  these  both  contain  additional  tens  in  eo  when  the 


flow  is  oscillatory.  Nevertheless,  when  viscosity  is  negligible  so  that 
Equation  (4.97)  be  coses 


P  -  co 


5  +  K 


B? 

Bn 


=  0 


and  it  follows  that  the  oscillatory  and  steady  interference  fields  do  satisfy 
Equation  (4.56).  Alternatively.  If  the  boundary  of  a  longitudinally  slotted  tunnel 
say  be  regarded  as  a  finite  n usher  of  solid  and  open  portions  on  which  the  boundary 
conditions  are  Bl/Bn  =  0  and  5=0  respectively,  then  the  argument  following 
Equation  (4.48)  rewains  valid  and  Equation  (4.56)  is  applicable. 


There  is  experimental  evidence  that  the  interference  in  slotted-wall  tunnels  say 
be  very  large  for  sowe  unsteady  experiments.  References  4.33  and  4.34  describe  some 
weasureweats  of  pitching  derivatives  sade  in  various  rectangular  tunnels  with  longi¬ 
tudinally  slotted  roof  and  floor.  As  shown  in  Figure  4.7.  it  has  been  found  that  by 
varying  the  n usher  of  slots  very  large  changes  are  caused  in  the  pitching  daaping 
derivative  of  a  half-wodel  M-wing  in  the  KPL  2-5  in.  by  20  in.  find  Tunnel.  The 
parameter  ?  is  defined  hy 
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h  -  K 


so  that  T  =  -1  corresponds  to  &  completely  closed  tunnel  sod  T  =  +1  to  a  tunnel 
with  soil--  nide-wails  and  open  roof  and  floor.  Semarkably  Similar  results  have  been 
obtained  for  *a  upswept  tspered  half-oodel  in  the  ~aae  tonne-.:  in  both  esses  the 
preesnee  of  slots  reduces  -tra  hr  the  order  cf  25*  at  H  =  0,80  to  49*  or  gore  at 
hi*&  subsonic  Mach  naabers.  Th?se  large  effects  are  not  characteristic  of  all  slotted 
tunnels  end  apparently  do  not  occur  cm  oscillating  half-*odels  in  the  8FL  35  in.  by 
14  in.  find  Tunnel,  Nevertheless  unsteady  interference  effects  in  ventilated  tunnels 
pose  an  important  problem.  Unfortunately  no  satisfactory  theoretical  solutions  for 
slotted  tunnels  are  ye t  available. 

Sirner  and  Moore* '**•  have  found  some  explanation  of  the  large  interference  effects 
in  Figure  4.7  by  considering  the  limiting  Oise  ?  =  +i  .  The  snail-wing  theory  of 
Section  4.5.3.  in  particular  Equation  (4.86),  say  in  principle  be  applied  to  any 
tuaael  for  which  30 , 5,  .  S'  and  S'  are  knows.  A  half  wodel  in  the  NFL  25  in.  by 
20  la.  Tunnel  corresponds  closely  to  a  complete  model  in  a  duplex  tunnel  (b  =  2h)  ; 
for  such  a  tunnel  with  solid  side-walls  and  open  floor  and  roof  i\  is  calculated  that 
So  ~  +9- 153  jS  ~l  as  compared  with  $0'  =  -0.004  yS'1  for  a  completely  closed  tunnel  of 
tl.e  sae  croca-secticc.  The  tem  in  o*  in  Equation  (4.86)  is  particularly  important, 
aa  it  2a  inversely  proportional  to  a  linear  diaension  of  the  tunnel  while  the  next 
terms  are  inversely  proportional  to  tunnel  area.  It  is  now  possible  to  make  a 
theoretical  estimate  of  the  difference  between  for  T  =  -1  and  for  T  -  -M 

on  the  hypothesis  that  the  wing  is  small.  Computations  for  the  K-wing  at  Ifech  numbers 
0.6  and  0.8  for  the  pitching  axis  indicated  in  Figure  4t?  give  respective  differences 


~  =  -0-55  and  -0.81  ; 


these  are  consistent  with  Figure  4.7.  The  calculated  effect  of  compressibility  is 
slightly  greater  than  the  factor  fi  1  in  S^  ;  this  appears  to  explain  the  larger 
observed  at  M  =  0. 8  and  above.  The  sate  conclusions  ire  derived  for 
the  unswepi  tapered  wing  tested  in  the  same  tunnel. 


4.7  STEADILY  ROTATING  MODELS 

Suppose  that  a  wing  of  sysmetrical  planfors  has  its  line  of  sywtetry  in  the 
direction  of  the  airflow  while  rotating  with  a  constant  angular  velocity  so  about  the 
line  of  syxeetry.  It  will  be  assumed  that  the  vcrticity  shed  at  the  trailing  edge  is 
convected  downstream  in  a  direction  parallel  to  the  velocity  of  the  undisturbed  fluid 


•  Reference  4.41  la  superseded  by  tfc«  fully  theoretical  asd  experimental  study  in  the  following 
paper: 

7>.t  Theory  of  Interference  Effects  on  Dyi.omic  Measurements  in 
Slotted-fall  Tenncls  at  Subsonic  Speeds  end  Comparison  with 
Experiment.  NFL  Aerc.  Report  1211.  ARC  Report  V5.3M,  1S66. 


Garner,  H.C. 
et  al. 
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flow,  so  that  each  element  of  the  trailing  vortex  sheet  will  be  a  helix  with  pitch 
inversely  proportional  to  eo  .  Obviously  the  theory  of  the  rolling  wing  say  be 
expected  to  be  closely  related  to  that  of  the  screw  propeller**35;  in  fact  the  treat¬ 
ment  of  the  circular  tunnel  given  in  Section  4.7.1  is  an  extension  by  tfsndl  and 
Pounder  (Ref. 4. 36;  1951)  of  Goldstein’s  theory  (Ref. 4. 37;  1929). 

The  assumption  that  the  trailing  vortices  are  exactly  helical  implies  that  the 
circulation  is  small,  and  therefore  that  the  induced  drag  is  small,  and  hence,  in  most 
cases,  that  the  total  drag  is  also  small.  By  the  momentum  theory  of  wall  interference 
on  propellers  (Ref. 4. 3.  Chap. XVII),  if  the  thrust  coefficient  is  small  and  negative, 
then  the  correction  to  the  tunnel  stream  velocity  msy  be  neglected  even  in  closed 
tunnels. 

If  the  rotation  is  sufficiently  slow,  the  helical  nature  of  the  vortex  sheet  will 
be  negligible  and  the  tunnel  interference  may  be  calculated  by  the  theory  for  steady 
wings  with  antlsysssstrical  loading.  However,  in  order  to  establish  the  range  of  co 
for  which  this  method  would  be  sufficiently  mccurate,  it  is  necessary  to  consider  the 
effect  of  non-zero  angular  velocity.  Only  for  a  circular  tunnel  cross-section  is  such 
an  investigation  practicable. 


4.7.1  General  Theory  for  Circular  Tmaaels 


7h3  following  analysis  is  essentially  that  of  Reference  4.36*  with  different 
notation  and  sign  conventions.  Both  the  flow  in  the  tunnel  and  that  in  the  free 
stream  will  be  assumed  to  have  a  velocity  potential  satisfying  Laplace' s  equation 


B2#  1  B§  1  B*$ 

Br2  +  r3r  '  rJ  Be?2  *  Bx2 


(4.100) 


in  cylindrical  polar  co-ordinates  (x,r,0)  where 


y  =  r  cos  3  j 
s  =  rsic£  } 


(4. 101) 


such  that  the  angular  rolling  velocity  cu  is  in  tee  sense  of  8  Increasing.  Par 
downstream  tbs  flow  field  will  have  helical  symmetry  so  that  $  must  satisfy 

,  9  +  cjSt,  x  +  oSt)  =  $(r .  6 ,  x)  . 


wbervs  St  is  »  arbitrary  increment  of  tias.  Thus 


(4. 102) 


aafgquifcias  ££_2BE)  becomes 


(4.103) 
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r  Br  +  \tJ2  +  ry  3< 


The  boondary  cocditiocc  are  3$/3r  =0  on  *  solid  nil,  $  =  0  at  the  boundary  of 
an  open  jet,  and  for  the  free  strew  $  —  0  as  r  -  ©  . 

Nov  consider  $  at  a  time  then  the  wing  is  in  the  position  6  -  ±ztt  .  Let  the 
circulation  on  the  upper  half  (8  =  bo  be  F(r)  .  Then  the  boundary  conditions  to  be 
satisfied  by  $  on  the  line  8  -  ±{tt  are  shown  in  Figure  4.8.  Let  the  wing  be  a 
lifting  line  in  the  place  x  =  Q  .  By  considerations  analogous  to  those  used  in 
steady  flow  it  fellows  that  at  the  wing  the  normal  Telocity  induced  by  the  vortex 
system  ia 


2  \r 


where  §  has  its  value  in  the  helical  wake  far  downstream.  Thus  the  problea  of  find¬ 
ing  the  interference  velocity  is  reduced  to  solving  Equation  (4. 103)  subject  to  the 
boundary  conditions  in  Figure  4.8.  The  first  step  in  obtaining  a  solution  is  the 
removal  of  the  discontinuities  across  the  line  8  -  t\n .  Prom  the  theory  of  Fourier 
series  it  follows  that 


(r)Tsf~>  (~l)r 

7, r  /  .  n 


sin  2bo 


has  the  required  discontinuities,  although  it  will  not  satisfy  either  Equation  (4.103) 
or  the  other  boundary  conditions. 


It.  is  now  convenient  to  change  to  the  non-dimensional  variables 

r  =  wr/0 
s  =  cosAl  >  . 

R  =  cuR/0 

Then  Equation  (4.103)  becomes 


32$  13$  (  AS2* 
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Nov  put 


F(r)  ^  (-1)1 

7T  f  ^ 


sin  2nd  + 
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2>> 


sin  2 d8  , 


(4.104) 


(4.205) 


and  it  is  found  that  the  functions  \(f)  vust  satisfy* 


*  The  first  samtics  In  Equation  (4.105)  bsa  a  linear  variation  between  discontinuities  aw! 
therefore  cautrlbetea  nothing  to  B2$/352  . 
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If  we  pat 


then 


1(f)  =  $L(r)  +  Tfr)  . 
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(4. 106) 

(4. 107) 

(4.108) 


This  last  step  removes  any  difficult?  associated  with  infinities  in  the  derivatives 
of  T  *t  the  wing  tips. 

®ien  its  right-hand  side  is  zero.  Elation  (4. 108)  has  the  two  fnndamental 
solutions 

?n  =  «“*  K  =  Xm(2d?> 


in  the  usual  notation  for  Bessel  functions  of  isaginary  argument.  The  solution  for 
arbitrary  F(r)  may  be  obtained  by  the  method  of  ‘Variation  of  parameters",  it 
follows  eventually  thet-  for  sn  open-jet  tunnel  the  increment  to  $  due  to  the  tunnel 
boundaries  is 


C6  _ 

4V  n  ^  £  '2nR) 

$  =  >  (-D^s-sin 2a9  ~ — =-  I,-(2nr) 

1  I2a(2aR) 

a*  i  a 


**♦«■ 
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while  for  a  closed  tunnel  the  factor 


£2n<2a5> 

IJa(2nB) 


has  to  be  replaced  by 


^s(2nR) 

l'B(2ng) 


The  interference  velocity  at  the  wing  is  thus 

w  =  ±fOi\ 

*  2r  \&Jgmi7l 


(4. 110) 


This  result  only  applies  to  an  an  swept  wing  of  small  chord.  There  appears  to  have 
bees  so  development  of  a  theory  capable  of  dealing  with  rolling  wings  of  significant 
streaawise  extent. 

It  is  cow  necessary  to  assess  the  effect  of  the  interference  velocity  on  the 
rolling  moment.  Macdl  and  Pounder 5  *  36  use  simple  strip  theory  as  applied  to  wings  of 
fairly  high  aspect  ratio.  Thus  an  element  dr  of  the  wing  at  a  distance  r  from 
the  tunnel  axis  is  regarded  as  being  at  an  incidence  -  tan'  1(cor/U)  to  a  free  stream 
of  speed  /(02  +  «2r2)  .  The  circumferential  component  of  the  interference  velocity 
opposes  cot  ,  so  that  the  effective  angle  of  incidence 


4.7.2  Slowly  Rolling  Sings 

If  the  angular  velocity  is  saall  enough,  the  helical  nature  of  the  wake  way  be 
neglected;  the  calculation  of  the  interference  then  reduces  to  that  for  an  acti- 
syawaetricaliy  loaded  wing  in  steady  flew.  This  topis  is  treated  in  Section  3.3.5, 
and  needs  no  further  consideration  here. 

Evens  (Ref.4,3S:  1947)  has  treated  the  rolling  wing  in  a  circular  tunnel  by  another 
cethod  in  which  the  trailing  vorticity  is  convacted  dowustreaa  along  straight  lines. - 
He  essuaes  that  the  spanwise  distribution  of  circulation  is 


a  Haadl  and  Pouoder  apparently  Include  an  axial  cowpccent  of  interference  velocity,  which  is 
taken  to  be  j'b^/ax  as  gives  by  Equations  (4.102)  and  (4.105).  The  Justification  for  this 
is  obscure.  However,  the  effective  stress  velocity  would  appear  to  include  a  contribution 
of  order  wrWj/0  .  These  considerations  do  not  Influence  the  results  for  <o  =  0  ,  but  the 
calculated  frequency  effect  in  Reference  4.36  is  regarded  with  suspicion. 


IT 
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V(t)  =  £  rB(r/s)*  , 
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{4. 115) 


and  evaluates  SCj  by  strip  theory  for  wings  of  arbitrary  taper  ratio.  At  first 


sight  his  forasla  for  SCj  is  inconsistent  with  the  limiting  result  from 
Reference  4.36  as  «  -  0  .  However,  Evans  has  implicitly  assumed  that  the  circulation 
at  the  wing  tip  is  zero;  in  Appendix  A  of  Reference  4.36,  Hindi  and  Pounder  have  shown 
that  the  discrepancy  disappears  provided  that 


r<s)  = 


CD 

s  r  = 

m=o  * 


(4. 116) 


4.7.3  Propellers 


Rolling  wings  eight  be  expected  to  lead  on  to  corrections  for  airscrews  in  wind 
tunnels,  but  in  fast  this  subject  seems  to  have  cade  relatively  little  progress  since 
a  method  of  correcting  the  longitudinal  velocity  for  a  model  propeller  in  a  closed 
circular  wind  tunnel  was  devised  by  McKinnon  food  and  Harris*' * 2  as  long  ago  as  1920. 
This  method  appears  to  be  satisfactory.  The  correction  to  free-atreaa  velocity  is 
presented  in  various  standard  works  either  graphically  (as  in  Reference  4.43)  or  in  a 
table  (as  in  Reference  4.44).  In  practice  it  is  sufficiently  accurate  to  use  the 
approximate  formula 
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(4.117) 


where  D  is  the  diameter  of  the  propeller  disc.  C  i3  the  cross-sectional  area  of 
the  tunnel  and  r  is  the  thrust  coefficient  defined  by 


Thrust  =  i7t/?02D2t 


(4. 118) 


Young  (Ref. 4. 45;  1944)  gives  a  correction  for  compressibility  in  which  r  is  replaced 


hy  r/y 8Z  in  Equation  (4.117). 


Equation  (4.117)  is  obtained  hy  an  extension  of  the  axial  momentum  theory****  and 
is  normally  used  only  when  r  is  positive,  so  that  the  propeller  has  a  slip-stream  of 
the  usual  type  and  the  closed  tunnel  gives  a  negative  correction  to  free-stream  speed. 
In  the  terminology  of  Chapter  V  it  might  be  said  that  a  positive  thrust  is  equivalent 
to  a  negative  drag  and  therefore  produces  a  negative  wake-blockage  factor.  The 
applicability  of  Equation  (4. 117)  to  other  propeller  operating  conditions  depends  on 
how  well  the  assumptions  of  momentum  theory  are  satisfied.  Presumably  windmills 
(r  <  0)  would  be  covered. 


Alternatively  the  correction  to  free-streaa  velocity  may  be  found  by  measuring  the 
axial  velocity  near  the  tunnel  wall*’**.  This  method  has  the  advantage  that  it  is 
applicable  when  the  propeller  is  mounted  on  a  body. 


Theory  points  to  the  conclusion  that  the  interference  effect  on  a  propeller  in  a 
circular  open  jet  is  negligible,  and  this  is  confirmed  hy  experiment  in  Reference  4.44. 
Some  recent  empirical  work  fay  Berry  and  Vbiting  *-,s  on  models  of  marine  screw 


ll? 

I; 
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propellers  in  water  suggests  that  the  interference  is  much  reduced  in  tunnels  having 
longitudinally  slotted  wails. 

4.8  APPLICATIONS  TO  COMMON  EXPERIMENTAL  SITUATIONS 

It  is  generally  advisable  to  estimate  the  tunnel  corrections  before  the  experiments 
are  carried  out.  ibe  lift  or  vorticity  distribution  should  be  represented  as  simply 
as  possible.  The  recommended  procedures  fcr  oscillatory  measurements  in  incoapres3ible 
flow  are  summarized  in  Section  4.8.1.  The  availability  of  methods  fcr  compressible 
flow  is  indicated  in  Section  4.8.2.  For  numerical  data  or  foraulae  reference  should 
always  be  made  to  the  original  papers. 

4.8.1  Incompressible  Flow 

(i)  Two-dimensional  closed  tunnel 

For  c/h  small,  use  Equations  (4.19)  and  (4.25). 

For  c/h  not  small,  estimate  I  from  free-streaa  theory,  then  use 
Equations  (4.14),  (4.15)  and  (4.18)  to  compute  . 

Corrections  for  rigid  modes  may  be  obtained  from  Equation  (4.35)  if 
v  «  1  and  c/h  is  small,  or  may  be  estimated  from  graphs  in 
Reference  4.9. 

(ii)  Closed  rectangular  tunnel 

In  general,  represent  the  vorticity  distribution  as  simply  as  possible  and 
apply  the  theory  of  Section  4.5.1  (Ref.  4. 20). 

A  rough  estimate  of  the  interference  upwasb  may  be  obtained  from 
Equation  (4.86)  and  Figure  4.4  by  assuming  that  the  wing  is  small,  or  from 
Equation  (4.94)  for  slender  wings. 

(iii)  Closed  circular  tunnel 

Apply  the  theory  outlined  in  Section  4.5.2  (Ref. 4. 23). 

Rough  estimates  may  be  made,  as  if  the  wing  were  small  or  slender. 

(iv)  Tunnels  of  other  cross  sections 

The  method  of  Section  4.4.2  aay  be  applied,  provided  that  the  distribution 
of  interference  upwasb  can  be  estimated  for  steady  incompressible  flow. 

Simplified  formulae  for  small  or  slender  wings  then  follow  from 
Equations  (4.56)  and  (4.58). 

(v)  Longitudinally  slotted  tunnels 

When  viscous  effects  at  the  slots  are  ignored,  the  slotted  tunnel  becomes 
a  particular  case  of  (iv). 

Unfortunately  tbe  steady  interference  upwash  (Chapter  VI)  has  not  yet  been 
calculated  in  sufficient  detail  to  be  used  in  this  way. 
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4.8.2  Compressible  Plow 

In  all  the  following  applications  the  experimental  frequency  should  be  kept  below 
that  for  tunnel  resonance  (Sections  4.3  and  4.4.1). 

(i)  Two-dimensional  closed  tunnel 

In  general,  the  interference  may  be  evaluated  by  summing  over  the  images 
the  upwashes  as  given  by  Equation  (4.31)  or  (4.32). 

The  chordwise  loading  l  may  either  be  assumed  to  have  its  free-streaa 
value,  or  the  integral  Equation  (4.31)  may  be  solved  numerically4 ,lz. 

If  the  chord  is  small  and  v  is  3aall,  then  Equations  (4.35)  may  be  used 
for  rigid  modes. 

(ii)  Three-dimensional  tunnels 

There  is  no  general  method  for  three-dimensional  tunnels.  If  the  fre¬ 
quency  is  low,  the  method  of  Section  4.4.2  may  be  used  provided  that  the 
steady  interference  upwash  is  known. 

(iii)  Closed  rectangular  tunnel 

In  general,  the  evaluation  ef  Equation  (4.71)  is  required.  For  low  fre¬ 
quency  the  theory  of  Sections  4.4.2  and  4.5.1  may  be  used. 

For  small  or  slender  wings  and  low  frequency  the  theory  of  Sections  4.5.3 
and  4.5.4  may  be  used. 

(iv)  Closed  circular  tunnel 

For  low  frequency  the  theory  of  Sections  4.4.2  and  4.5.2  may  be  used. 

For  small  or  slender  wings  and  low  frequency,  use  Section  4.5.3  or  4.5.4 
and  Equations  (4.90)  and  (4.91). 
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NOTATION 

distance  between  source  and  sink 

critical  speed  of  sound 

cross-sectional  crea  of  aerofoil 

aasisua  transverse  cross-section  of  aodel 

breath  of  tunnel 

chord  of  aerofoil 

cross-sectional  area  of  tunnel 

drag  coefficient  =  D/fplTfe 

drag  coefficient  at  zero  lift 

pressure  coefficient  =  (p  -  pm)/ipU2 

distance  of  aodel  fro*  floor  of  tunnel 

drag  of  aodel 

fineness  ratio  =  1/ t 

height  of  tunnel 

functions  given  ia  Table  5.1 

*o*ent  of  inertia  of  aerofoil  about  chordwise  position  x  -  constant 

■oaent  of  inertia  about  x  axis 

A/tc 

V/t*! 

length  of  body 

Bajor  axis  of  elliptical  tunnel 
Mach  nusber  of  undisturbed  stress 
U/a* 

ainor  axis  of  elliptical  tunnel 
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P  local  static  pressure 

Po,  static  pressure  of  undisturbed  stress 

P  strength  of  doublet 

q  local  surface  velocity 

Q  strength  of  source 

R  radius  of  circular  tunnel 

Rj,  Reynolds  nuaber 

s  distance  along  body  contour  (Section  5.2.1) 

s  seai-span  of  *ing 

5  reference  area  of  acdel 

t  aaxiaua  thickness  of  aodel 

T  shape  parameter  of  tunnel  (cf.  Figures  5.3  to  5.6) 

u  x-coaponent  of  velocity 

U  velocity  of  undisturbed  streaa 

V  voluae  of  aodel 

X  distance  dawnstreaa  (origin  at  leading  edge  of  aerofoil  or  centre  of 

body  axis) 

y  spanwise  distance  no real  to  body  axis 

z  distance  upwards  froa  body  axis 

Z  =  (AU)/(u  -  U)WJlll 

a  incidence  cf  aodel 

J3  =  (1  -  MJ)« 

>'  ratio  of  specific  heats  (taken  as  1.400  for  air) 

6  prefix  denoting  incrcaent  due  to  wall  correction 

e  blockage  factor  =  (£li)/U 

■n  Glauert*  s  two-dimensional  wake-blockage  factor 
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BLOCKAGE  EFFECTS  IN  CLOSED  OR  OPEN  TUNNELS 


E.  S.  E.  Rogers 


5. 1  INTRODUCTION 

In  the  preceding  chapters,  the  boundary  interference  arising  frca  the  model  lift 
has  been  discussed  in  some  detail.  Tnere  exists,  however,  an  additional  interference 
effect  associated  with  the  fact  that  the  model  and  its  wake  occupy  a  certain  volume 
within  the  finite  tunnel  stream.  The  streamline  pattern  about  the  model  is  thereby 
distorted  compared  with  free-air  conditions,  and  tnis  distortion  exists  even  at  zero 
model  lift.  The  magnitude  of  the  streamline  displacement  will  depend,  amongst  other 
things,  on  the  relative  sizes  of  the  model  and  tunnel  working  section,  and  on  their 
cross-sections;  the  direction  of  the  distortion  (and  hence  the  sign  of  the  ensuing 
correction)  depends  on  whether  the  tunnel  boundaries  are  of  the  fixed-wall  or  open- jet 
type. 

This  interference  is  said  to  arise  from  the  "blockage”  of  the  model  and  its  wake, 
that  associated  with  the  model  itself  being  called  “solid  blockage",  and  that  due  to 
the  wake  “wake  blockage”.  FOr  most  purposes  it  is  sufficiently  accurate  to  assume 
that  the  two  blockage  components  are  independent  both  of  each  other  and  of  the  model 
lift.  This  simplifies  the  analysis  and  enables  corrections  for  blockage  effects  to 
be  evaluated  at  zero  lift.  Such  a  procedure  implies  that  the  model  is  small  compared 
to  the  tunnel  working  section  and  that  the  lift  is  not  too  large;  moreover  it  is 
assumed  that  the  blockage  only  influences  the  longitudinal  component  of  tfce  flow  about 
the  model,  and  this  is  true  only  if  the  model  is  mounted  in  the  centre  of  the  tunnel. 

In  the  simplest  case,  the  flow  about  a  small  model  in  a  tunnel  corresponds  to  that 
about  the  same  model  in  free  air,  but  at  a  corrected  velocity  U  t  AUS  .  where  U  is 
the  nominal  velocity  of  the  tunnel  stream  and  Aur  is  the  sum  of  velocity  increments 
associated  with  the  solid  and  wake  blockages.  For  streamline  flow  it  is  convenient 
to  express  the  ratio  AUB/U  hy  the  blockage  factor  eB  .  which  is  then  the  sum  of 
corresponding  solid  and  wake  blockage  factors 

eB  =  £S  +  Cw  • 

For  bluff  bodies  this  subdivision  of  blockage  effects  is  not  applicable.  The  principle 
of  correspondence  between  the  observed  flow  and  some  free-air  flow  at  a  different 
velocity  is  valid  for  a  wide  range  of  flow  conditions.  Sometimes,  however,  it  may  be 
necessary  to  determine  the  variation  of  the  blockage  factor  along  the  model  length,  as 
for  example  in  the  case  of  a  .long  slender  body,  or  perhaps  to  consider  whether  the 
model  blockage  is  affected  by  changes  in  the  model  incidence.  These  more  complex 
analyses  are  usually  less  general  in  application  than  those  concerned  simply  with  some 
average  correction  applied  over  the  whole  volume  occupied  hy  the  model. 
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The  present  chapter  will  be  concerned  with  blockage  effects  in  tunnels  with  either 
completely  closed  or  completely  open  boundaries.  Related  problems  for  ventilated 
tunnels,  having  a  combination  of  open  and  closed  boundaries,  are  discussed  in 
Chapter  VI. 

The  walls  of  a  completely  closed  tunnel  impose  a  constraint  on  the  flow  about  the 
model  such  that  the  flow  near  the  wall  follows  that  surface.  Hie  stream  tubes 
su.-rounding  the  model  do  not  take  up  their  free-air  shape  but  are  compressed  together, 
causing  a  corresponding  increase  in  the  local  fluid  velocities.  A  similar  conclusion 
may  be  readied  by  equating  the  mass  flow  well  upstream  of  the  model  to  that  at  the 
model  position.  The  velocity  correction,  and  hence  the  solid-blockage  factor,  will 
therefore  be  positive  in  a  closed  tunnel. 

The  conditions  at  the  boundary  of  an  open  jet  are  less  easy  to  define  precisely, 
but  it  is  usual  to  assume  that  the  jet  boundary  is  one  cf  constant  pressure,  equal  to 
that  of  the  surrounding  motionless  air.  In  practice,  the  edge  of  the  jet  may  be 
difficult  to  specify  because  of  mixing  between  the  stream  and  the  surrounding  fluid 
and  moreover  it  may  be  distorted  by  the  presence  of  the  Eodel.  Such  difficulties  are 
frequently  overcome  by  assuming  that  the  constant  pressure  condition  say  always  be 
applied  at  the  undisturbed  boundary  and  that  mixing  effects  can  be  ignored. 

The  assumption  of  a  constant -pressure  boundary  also  implies  that  the  perturbation 
velocities,  particularly  the  streaawise  component,  are  small  at  the  edge  of  the  jet. 
since  Bernouilli’ s  equation  may  be  applied  to  a  boundary  streamline  extending  from 
well  upstream  to  a  position  opposite  the  model.  the  node!  induces  supervelocities 

at  this  position,  the  constant-pressure  condition  esay  only  be  preserved  by  a  reduction 
in  the  effective  stream  velocity  approaching  the  model.  Thus  for  the  open-jet  tunnel 
the  solid-blockage  factor  will  be  negative. 

Clauert  (Ref.  5. 1;  1933)  has  pointed  out  an  additional  matter  which  Eakes  the 
treatment  of  the  open-jet  tunnel  less  precise  than  its  closed  counterpart.  In  the 
latter  case  there  is  usually  a  considerable  length  of  working  section  of  almost 
constant  cross-section  upstream  and  downstream  of  the  model.  A  free  jet  on  the  other 
hand  frequently  issues  from  a  nozzle  placed  at  a  relatively  short  distance  upstream 
of  the  model  and  floss  into  a  collector  not  far  downstream.  The  assumption  of  an 
infinitely  long  jet  inherent  in  much  of  the  analysis  is  therefore  violated5 "c7  and  the 
validity  of  the  simple  theoretical  corrections  must  rest  largely  on  experimental 
evidence.  The  boundary  conditions  appropriate  to  finite-length  open-jet  tunnels  have 
been  discussed  b?  Katzoff  et  al.  (Ref.  5. 48:  1350)  and  in  more  general  terms  by 
Vandrey  (Ref. 5. 49:  1942),  but  up  to  the  present  the  simple  constant-pressure  condition 
has  been  most  widely  used  in  the  theory  of  wall  interference. 

It  should  perhaps  be  pointed  out  that  the  reasons  for  using  short  working  sections 
are  entirely  practical.  It  is,  for  example,  difficult  to  obtain  a  stable  jet  longer 
than  about  two  jet  diameters.  In  effect  this  imposes  a  restriction  on  the  model  size, 
since  the  ends  of  the  model  must  be  a  moderate  distance  from  both  nozzle  and  collector, 
and  the  model  length  is  hence  unlikely  to  exceed  about  0.3  jet  diameters.  In  turn  the 
small  model  size  implies  that  the  corrections  will  not  be  excessively  large. 

The  simple  boundary  conditions  of  the  open-jet  tunnel  suggest  that  the  flow  behind 
the  model  can  enlarge  to  allow  for  the  presence  of  a  wake  of  reduced  velocity.  This 
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is  not  the  cate  ia  a  closed  tunnel  of  caistaat  cross-section  where,  to  satisfy 
continuity  upstreaa  and  downstrews  of  the  model,  the  flew  velocity  outside  the  wake 
mist  be  greater  than  in  the  free  stress  t.head  of  the  aodel.  The  effect  of  the  wake 
in  the  closed  tunnel  is  to  increase  the  effective  stress  velocity,  so  as  to  introduce 
the  wake-blockage  factor  ev  at  the  model  position  and  to  ispose  a  longitrdinal 
pressure  gradient  along  the  aodel.  The  latter  buoyancy  effect  is  equivalent  to  a 
boundary-induced  drag  force  on  the  model,  for  which  a  correction  is  cequlred.  In  the 
open-jet  tunnel,  the  wake-blockage  velocity  increment  is  absent,  hoi  there  is  still  a 
buoyancy  correction. 

t 

When  the  flow  departs  significantly  fros  the  classical  strenaliue  flow,  it  teccaes 
necessary  to  reconsider  the  catbeaatical  model  of  the  flow.  The  representation  must  | 

incorporate  the  essential  features  of  the  separated  flow  and  still  rewain  staple  s 

enough  to  leave  a  tractable  problew  when  there  are  closed  boundaries.  Such  a  theory  < 

for  a  non-lifting  bluff  body  is  developed  in  Chapter  VII.  The  relatively  large 
blockage  factor  for  a  bluff  body  is  confirmed  by  experiment. 


In  the  following  sections  methods  of  estimating  the  solid-blockage  and  wake-blockage 
factors  will  be  discussed  for  a  variety  of  tunnel  cross-sections.  The  two  important 
methods  of  deteraining  the  blockage  factors  are  frow  theoretical  calculations  involving 
the  aodel  and  tunnel  geoaetry.  tunnel  Mach  nuaber  and  aodel  drag  (Sections  5.2  to  5.5), 
and  fros  pressure  measurements  aade  at  the  tunnel  wall  (Section  5.6). 

At  high  subsonic  stress  Mach  nuabers,  shock  waves  way  be  present  in  the  flow  about 
the  aodel.  and  sose  change  in  the  fora  of  the  blockage  factors  discussed  earlier  way  be 
required.  In  addition  aodifications  aay  be  necessary  to  the  staple  linear  theory  used 
to  estimate  the  effect  of  stress  compressibility-  Matters  of  this  kind  are  considered 
in  Section  5.7. 


The  use  of  the  blockage  factors  in  correcting  the  aeasured  quantities  is  discussed 
in  Section  5.8,  whilst  the  final  Section  5.9  sets  cut  the  sore  important  formulae  used 
in  the  text. 


5.2  SOLID  BLOCKAGE  FACTORS  IN  CLOSED 
RECTANGULAR  TUNNELS 


5.2.1  Two-Diaensio^al  Aerofoil 

fe  will  consider  here  an  aerofoil  of  chord  c  ,  aaxlaua  thickness  t  ,  spanning 
centrally  a  rectangular  tunnel  of  height  h  .  An  early  aeihod  of  calculating  the 
solid  blockage  of  this  configuration  was  given  fay  Lock  (Ref.  5. 29;  1929:  see  also 
Reference  5.1).  He  represented  the  aerofoil  fay  *n  equivalent  doublet  and  the  effect 
of  the  tunnel  walls  fay  an  infinite  array  of  doublet  images  extending  above  and  below 
the  aodel  and  spaced  at  the  tunnel  height  h  .  The  additional  Telocity  induced  hr 
the  images  at  the  model  position  tea;  then  be  calculated  and  this  is  the  velocity 


increment  due  to  the  solid  blockage, 
flow  is  then  given  by 


The  solid-blockage  factor  e,  in  incompressible 
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where  \2  Is  a  parameter  related  to  the  profile  thickness  such  that  the  aodel  is 
replaced  in  the  analysis  by  a  cylinder  of  radius  tA.j  .  Lack  calculated  ,V?  for 
four  typical  body  shapes  (Pig.  5.1).  but  a  siaple  foraula  is  obtained  in  only  a  few 
cases,  e.g. .  ellipse5*1  and  Rankine  oval5*2.  An  accurate  determination  of  k2 
can  be  made  if  the  surface  pressure  distribution  about  the  aodel  is  known,  so  that  the 
local  surface  velocity  q  can  be  found.  Then  for  a  symetrical  aerofoil 


4  iq  z(s) 

k  =  -  / - fe 

2  7T  J  U  t2 


(5.3) 


where  s  is  the  distance  along  the  body  contour  froa  the  leading  edge  and  z(s)  is 
the  surface  ordinate  free  the  chordline  at  s  .  The  integral  is  taken  along  the  curved 
surface  froa  leading  to  trailing  edge.  For  a  cambered  profile  it  is  sufficient  to 
consider  only  the  thickness  distribution  of  the  section. 


Allen  and  Vincent!  (Ref.  5. 3;  i944)  use  the  blockage  factor 

A 

so  that 


■ 


=  -£]a. 
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(5.4) 


(5.5) 


Values  of 
5.27.  and 


for  various  basic  aerofoil  profiles  will  be  found  in  References  5.3  and 
asy  easily  be  obtained  froa  these  sources.  As  Figure  5. 1  shows,  values 


of  k2  for  typical  faailies  of  NACA  6-series  aerofoils  are  close  to  those  for 
Joukowski-type  profiles.  The  solid  blockage  of  an  aerofoil  in  an  inccapressible 
stress  has  also  been  considered  by  Toussaint  (see  Reference  5.54)  using  a  coaplex 
potential  aethed.  His  equation  is  sisilar  to  (5.2)  but  tends  to  eive  somewhat  SK*ll®r 
values  of  e_  . 


In  a  coapressible  fluid  when  the  stress  Mach  nusber  is  subsonic  and  not  too  near 
the  choking  value,  the  effect  of  coapressibility  way  be  allowed  for  sufficiently 
accurately  tor  small -perturbation  theory5 *3, 5-30«5*‘*\  The  velocity  increeent  at  the 
aodel  position  is  then  p~l  tiaes  the  appropriate  increaent  for  an  inccapressible 
fluid  in  a  tunnel  of  height;  h  :  the  aodel  thickness  and  chord  are  asauaed  to  reaain 
unchanged.  Thus  Equations  (5.2)  and  (5.5)  aust  be  sultiplied  by  a  factor  /T3  . 
Lock’s  original  equation  then  becoaes 


T7*  /C't  1 

12  WW  ’ 


(5.6) 


Scsetiaes  however  a  wore  direct  relationship  between  the  blockage  factor  and  model 
geoaetry  is  convenient.  Thca  (Ref. 5. 4;  1943)  replaced  the  single  doublet  of  Lock’s 
sethod  by  a  series  of  sources  and  sinks  distributed  along  the  aodel  chord.  For  a  thin 
aerofoil  the  distribution  need  not  be  very  coeplex  and  leads  to  the  relationship 


ttA  A 

=  sW  =  °'524^P'' 


(5.7) 


291 

•here  A  Is  the  cross-sectional  area  of  the  profile,  related  lor  scae  nuaerical  factor 
to  the  product  ct  .  If  this  factor  is  known.  Equation  (5.7)  say  be  rearranged  to  a 
fora  similar  to  (5.6).  For  thin  aerofoils  the  two  equations  yield  siailar  blockage 
factors.  Von  Baranoff  (Ref.  5.39;  1940)  had  earlier  derived  an  expression  for  the  solid- 
blockage  factor  identical  with  Equation  (5.7). 

Alternatively,  use  say  be  Bade  of  a  siwple  formula  developed  by  Young  and  Squire 
(Ref.  5. 5;  1945),  which  is  equivalent  to 


e 


s 


(5.8) 


The  nuaerical  factor  is  higher  then  in  Equation  (5.7)  end  Reference  5.5  suggests  that 
Equation  (5.8)  aay  be  preferable  for  thick  sections.  The  effect  of  profile  thickness 
has  in  fact  been  allowed  for  espirically  by  Thompson  (Ref.  5. 6;  1948),  whose  work 
suggests  an  equation  of  the  fora  (see  Reference  5.25*) 


e 


s 


0.524 


(5.9) 


which  agrees  with  Thaw’s  relation  for  very  thin  aerofoils  and  with  Young  and  Squire’s 
equation  when  the  thickness/cbord  ratio  is  about, 0. 2.  An  equation  siailar  to  (5.S)  is 
probably  the  best  simple  approximation  for  the  solid-blockage  factor  provided  c/h  is 
not  too  large,  say  about  0.25  for  moderate  subsoil ic  Mach  numbers. 


It  is  interesting  to  note  that,  if  A  =  x?ct  and  the  aerofoil  is  replaced  by  an 
ellipse  of  the  same  area  and  thickness  (but  smaller  chord).  Equation  (5.6)  aay  be 
written  in  a  similar  fore  to  Equation  (5.5)  bat  with  the  numerical  factor  1.2  replaced 
by  ttt/K  .  If  kz  =  0.65  .  a  typical  value,  then  hr/k2  -  1.21  .  This  correspondence 
suggests  that  a  more  general  fora  of  Equation  (5.9),  or  of  Equation  (5.6)  is  possible; 
in  the  latter  case  \2  auat  be  replaced  by  *El  +  (4k?A?)(c/t)]  . 


It  is  obviously  possible  to  extend  the  preceding  analyses  to  include  terms  up  to  the 
fourth  power  in  (c/b);  this  was  done  in  incompressible  flow  by  Goldstein  (Ref.  5. 7;  1942) 
who  derived  aa  equation  which  must  be  solved  for  each  aerofoil.  Allen  end  Vincent!5 ' 3 
show  that  the  first  tens  in  this  is  identical  with  Equation  (5.7),  so  that  Goldstein’s 
relation  becomes 
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f  z(x)  cos  49 
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jo  c  sin  8 

where  ,  with  x  measured  from  the  leading  edge,  8  is  defined  by 

x  =  qc(l  -  cos  8)  . 


(5.16) 


<5. li) 


*  The  compressibility  factor  applied  to  the  aerofoil  thickness  in  Equation  (5.9)  was  emitted 
in  Tbowpste’s  original  paper,  and  later  inserted  fay  Evans.  Though  sot  strictly  is  accord 
with  Goldstein*  a  theory  in  Equation  (5. 14)  below,  it  is  partially  justified  fay  experimental 
data  acd  la  recooaecded  by  the  present  author. 


-  -k*  ,  *' 


292 


The  sore  complex  solid-blockage  corrections  have  also  received  considerable  attention 
from  Moods.  Is  Reference  5.8  (1954),  for  example,  he  shows  that  the  distribution  of 
solid  blockade  alone  a  thin  aerofoil  may  be  written  as 


nA  f  N  k(x)  /ff\!] 

5<x)  =  j* 


(5.12) 


where  k(x)  is  the  moment  of  inertia  of  the  section  about  the  position  x  .  The 
parameter  H  is  given  by 


p  fcdz(x*)  z(x) 
TTA Jo  J0  dx'  x'  -  X 


dx'dx 


(5.13) 


This  topic  is  also  discussed  in  Section  7.8  of  Roods*  s  book  (Ref.  5. 22;  1561).  To  the 
first  approximation  e8(x)  is  constant  along  the  chord  and  has  the  value  calculated 
by  Thom  is  Equation  (5.7).  This  variation  of  aay  be  used  to  determine  sota  mean 
value  over  the  length  of  model,  particularly  if  balance  measurements  have  been  sade. 

In  correcting  the  measured  pressure  distribution  along  the  model,  the  locsl  value  of 
e%  may  be  used;  care  is  required  if  eR  changes  greatly  along  the  aednl,  as  this  say 
indicate  that  the  pressure  distribution  itself  may  bs  distorted  by  the  tua^sl  walls, 
thus  reducing  the  validity  of  applying  a  blockage  factor  of  the  type  contained  la 
Equation  (5.12),  More  complicated  methods  of  calculating  the  blockage  may  then  be 
required;  some  of  these  are  discussed  below. 


TO  illustrate  a  particular  application  of  Equation  (5.12),  ea  elliptical  profile 
may  be  considered.  Then 
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(5.14) 


The  solid  blockage  is  therefore  a  maximum  at  the  aid-chord  of  the  profile  and  falls 
off  towards  the  leading  anc  trailing  edges.  The  first  term  is  in  fact  similar  to  that 
derived  by  Thompson  in  Equation  (5.8)  apart  froa  the  compressibility  factor  for  thick¬ 
ness  effect.  The  second  term  of  Equation  (5. 14)  in  incompressible  flow  night  be 
expected  to  agree  with  that  derived  from  Equation  (5. 10)  for  an  ellipse.  At  the  sid- 
cbord  position,  Moods’  equation  has  a  term  of  magnitude  -(J7*/1920)  {c/h>*  (t-/c)  , 


whereas  Goldstein’s  equation  has  a 
occur  for  a  biconvex  profile.* 


(c/h)  teis  of  zero  value.  Similar  discrepancies 


Xsechtel  (Ref.  5. 52;  1953)  has  made  sa  experimental  investigation  in  which  the  ratio  of 
aerofoil  chord  to  tunnel  height  was  varied  progressively.  Near  zero-lift  conditions 
at  Mach  numbers  up  to  0.85  satisfactory  corrections  esn  be  made  for  boundary-interference 
effects  with  only  terms  in  (c/h) 2  unless  c  >  0.15h  .  For  larger  models  the  simple 
corrections  become  increasingly  questionable. 

In  allowing  for  the  effect  of  compressibility  foods  uses  nodo graph-typo  equations 
to  avoid  the  limitations  of  simple  small-perturbation  theory.  Considerations  of  this 
type  have  led  Klunker  and  Harder  (Ref.  5. 9;  1951)  to  use  the  so-called  Prsadtl-Sosemaan 

*  At  present  the  reason  for  this  disagreement  is  not  apparent. 
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iteration  aethod  for  saall  disturbances  to  calculate  s.  second  approximation  to  the 
blockage  corrections  for  a  thin  symmetrical  body  at  zero  incidence.  It  is  assured  that 
the  potential  function  of  the  non-linear  equations  of  motion  awy  be  expanded  in  a  aeries 
fora  where  each  successive  ten  is  saall  cospared  with  its  predecessor.  It  is  possible 
in  this  way  to  calculate  the  blockage  effect  over  the  coaplete  zodsi  surface  and  to 
estixate  the  errors  which  say  arise,  when  c/fih  is  large,  fro*  ignoring  the  chordwise 
changes  in  induced  velocity. 

The  occasional  need  for  sore  precise  solid-blockage  corrections  than  result  froa  the 
siaple  theories  has  given  rise  to  several  diverse  approaches,  a  few  of  which  way  be 
aentioned  briefly.  Thom  and  Klanfer  (Refs.  5. 10  and  5.11;  1946-4?)  have  developed  a 
"squares”  aethod  for  solving'. the  coaplete  field  about  an  aerofoil  in  a  wind  tunnel. 

A  similar  relaxation  technique  has  been  used  by  Banns  (Ref.  5. 12;  1948)  and  by  Bmtein  ■ 

and  Albers  (Ref.  5. 13;  1948).  In  the  latter  case  a  10-per-cent-thick  symmetrical  aero-  j 

foil  of  two  sizes,  c  =  yfa  and  c  =  h  ,  was  considered  at  stream  Mach  numbers  of  zero  j 

and  0.5.  Tsien  and  Lees  (Ref. 5.45;  1945)  have  coabincd  linear  perturbation  theory  with  I 

a  representation  of  the  aerofoil  by  a  source-sink  distribution  and  consider  the 
correction  to  the  aaziaua  surface  velocity  on  a  10-per-cent-thick  parabolic-arc  profile  j 

for  two  different  heights  of  tunnel.  Whitehead  (Ref. 5. 17;  1950)  gives  as  additional  I 

method  for  calculating  the  solid  blockage  of  very  large  bodies,  and  the  effect  of  the  \ 

tunnel  walls  on  the  critical  Mach  saber  of  s  circular  cylinder  spanning  &  tunnel  is  \ 

discussed  in  a  paper  hy  Suzuki  (Ref. 5-53;  1941)  who  uses  the  bodogrspfc  method.  \ 

These  examples  perhaps  serve  to  illustrate  that  in  seeking  sore  accurate  corrections  j 

for  a  large  aodel  much  simplicity  is  lost  and  extensive  calculation  say  be  needed  for  • 

each  case.  It  is  unlikely  therefore  that  use  of  such  techniques  for  routine  test  work 

will  be  wide-spread.  With  large  models  indeed  it  say  no  longer  be  sufficient  to  , 

calculate  the  distribution  of  blockage  along  the  aodel  and  assume  that  this  is 
independent  of  model  lift.  Bint  say  then  be  required  is  the  distortion  of  the  surface 
pressure  distribution  due  to  the  presence  of  the  wind-tunnel  walls. 

A  process  of  conformal  mapping  is  valuable  for  obtaining  this  information.  No 
general  expressions  eaa  be  derived  and  a  fresh  calculation  must  be  made  for  each  aero-  \ 

foil  and  test  incidence.  Both  the  symmetrical  aerofoil  at  zero  lift  and  the  arbitrary  ; 

lifting  aerofoil  have  been  discussed  by  Perl  and  Moses  in  References  5.15  and  5.16; 
the  results,  obtained  by  a  series  of  flow  transformations,  are  compared  with  those 
obtained  froa  image  methods  of  Lock5,1  and  Goldstein5’7.  At  incidence  the  solid 
blockage  is  calculated  as  well  as  the  modified  surface  pressures.  It  is  claimed  that 
the  conformal  mapping  aethod  is  very  convenient  to  use  if  more  exact  corrections  are 
required  than  would  be  given  by  equations  using  terms  up  to  (c/h)*  .  A  similar 
though  less  complicated  method  of  sapping  was  developed  seme  years  earlier  by  Ffcaake 
and  Weinig  (Ref. 5. 20;  1S3S).  A  full  discussion  of  the  use  of  a  complex  potential 
method  for  determining  the  combined  lift  and  blockage  interference  of  a  two-dimensional 
aerofoil  is  given  by  Barbieux  (Ref.  5. 54;  1955).  where  comparison  Is  msde  with  the  simple 
equations  derived  by  Lock,  Thom,  Allen  sad  Vincent!  and  others.  Barbieux  gives  resalts 
from  which  the  distribution  of  blockage  along  the  profile  may  be  calculated. 

Though  the  advanced  general  methods  deal  adequately  with  the  lifting  aerofoil,  it  is 
possible  to  adapt  the  siaple  theory  to  deal  with  tee  solid  blockage  of  an  aerofoil  at 
as  incidence  a  .  This  was  done  for  incompressible  floe  by  Batchelor  (Ref.  5. 21;  1944). 
who  showed  that  the  solid-blockage  factor  must  be  increased  h?  as  amount  proportional  { 


.£** '-»*%**-. - 
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to  a2  .  Use  relationship  between  the  new  blockage  factor  and  that  appropriate  at 
zero  incidence  cay  be  written  approximately  as 


es(a)  =  es  1  +  1 


(5. 15) 


where  a  is  measured  in  radians.  For  c/t  =  10  and  «  =  10°  the  blockage  factor  is 
abont  one-third  greater  than  at  a  =  0°  .  This  order  of  increase  is  near  that  derived 
from  semi -empirical  corrections  to  large  models  at  incidence  based  on  the  measurement 
of  wall  pressures.  One  such  approach  is  discussed  in  Reference  5.19  where  the 
velocities  at  the  malls  of  the  tunnel  close  to  the  model  position  were  measured  and 
then  averaged  to  remove  the  lift  effect.  The  increase  in  this  average  value  with 
model  incidence  was  related  to  changes  in  the  blockage.  Such  a  technique  can.  of 
course,  be  regarded  as  an  extension  of  more  normal  methods  for  estimating  the  solid 
blockage  from  the  pressures  on  the  tunnel  walls,  a  subject  discussed  further  in 
Section  5.6.  For  compressible  flow.  Equation  (5.15)  say  still  be  used,  though 
presumably  with  the  additional  factor  /2  in  the  term  in  c2  . 


In  all  the  foregoing  discussion  it  has  been  assumed  that  the  model  is  placed  midway 
between  the  two  tunnel  walls.  If  the  model  is  offset  from  the  centre  line  by  a 
distance  (;h  -  d).  so  that  d  is  the  distance  of  the  aerofoil  from  the  tunnel  wall, 
a  small  increase  in  the  solid-blockage  factor  occurs.  This  effect  has  been  estimated 
for  low-speed  flow  tor  Batchelor5  * 21  and  the  relationship  between  the  off-centre  and 
centre-line  blockage  factors  nay  be  written  as 


£,(d) 


.  ,-nd 

1  +  1  cot2  — 


(5.16) 


this  equation  is  also  valid  in  subsonic  compressible  flow.  Thus,  a  model  offset  from 
the  tunnel  centre  line  by  O.lh  will  be  subject  to  about  8%  increase  in  solid  blockage. 
It  should  be  pointed  out  that,  when  the  model  is  offset,  the  transverse  component  of 
the  velocity  induced  hy  the  images  of  the  model  is  no  longer  zero;  strictly  therefore 
there  should  be  an  incidence  (and  camber)  correction  due  to  solid  blockage.  This  is 
usually  very  small,  especially  when  compared  with  the  corresponding  correction  due  to 
the  lift  on  the  model.  The  aerofoil  displaced  from  the  tunnel  centre  line  is  also 
discussed  in  Reference  5.7. 

5.2.2  Body  of  Revolution 

The  analysis  for  a  body  of  revolution,  though  more  complex,  is  in  many  ways  similar 
to  that  for  an  aerofoil.  In  the  early  work  Loci'  '’Refs.  5.1;  5.29)  replaced  a  small  body 
by  a  doublet  whose  strength  was  related  to  *'  arstream  velocity  by  a  factor  \3  , 
analogous  to  \2  in  the  preceding  sectic.  ody  was  then  effectively  represented 

hy  an  equivalent  sphere  of  diameter  (4Ab/«)‘A.3  ,  where  is  the  maximum  cross- 
section  of  the  body  normal  to  the  stream  and,  corresponding  to  Equation  (5.3), 


*1 


■*/; 
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ds  . 


/ 


(5.17) 
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The  i sages  of  this  doublet  persist  to  infinity  on  all  sides  of  the  model,  so  that 
a  doubly- infinite  summation  is  required  to  obtain  the  solid-blockage  factor.  For  a 
model  centrally  placed  in  a  tunnel  of  height  h  and  breadth  b 


■here 


s-'Gp.- 

_LVV  L  bh  V/2 

'Zrr>'i  \.«2b2  +  n2h2y 


Here  22 


indicates  that  (a. n)  takes  all  integral  pairs  except  (0.0). 


r  is  a 


numerical  coefficient  which  must  be  deterained  for  each  ratio  of  tunnel  height  to 
bresdth;  for  a  square  tunnel  r  =  0.309  (Ref.  5.1).  Lock  calculated  \3  for  a  Ranklne 
ovoid  and  a  spheroid  and  this  work  was  later  extended  by  Borden  (Ref. 5. 2;  1954)  and 
Harriot  (Ref.  5. 23;  1950).  The  latter  reference  contains  tables  froa  which  k3  can  be 
estimated  for  many  shapes  of  body.  The  variation  of  k3  with  body  fineness  ratio  is 
shown  in  Figure  5.2. 


I 


I 


Young  (Ref.  5. 5;  1945)  has  also  estimated  k3  for  bodies  having  pointed  tails,  for 
a  range  of  maximum-thickness  position.  If  the  fineness  ratio  of  the  body  is  denoted 
hy  f  ,  the  equation 

a3  =  0.4  +  0.49f  (5.19) 

approximately  represents  Young's  results  (Fig. 5. 2)  and  gjves  a  rather  lower  value  than 
for  symmetrical  bodies  of  the  same  fineness  ratio.  A  wort  recent  discussion  of  Lock’ s 
method,  which  includes  en  approximate  method  cf  deriving  \3  for  streamline  bodies 
has  been  given  by  Vasy  (Rif. 5. 24;  1957). 


Despite  the  existence  of  fairly  extensive  data  for  estimating  k3  for  any  given 
body,  many  authors  have  adopted  the  alternative  approach  wherehy  the  blockage  factor 
is  related  to  the  body  volume  V  .  This  is  analogous  to  the  use  of  the  cross-sectional 
area  A  in  the  case  of  a  two-dimensional  aerofoil.  Ifc  can  be  shown  that 


2kJ^/z  ^  v£v  . 

and  that  the  strength  P  of  the  doublet  representing  the  model  is 
VU  .  Thus  Equation  (5.18)  may  be  rewritten 


I 

(5.20)  | 

given  hy  the  product  » 


T 


Stall  perturbation  theory  allows  the 
sue  way  as  for  an  aerofoil*.  Thus 


Evans5 *2S,  using  some  earlier  work  of  Thompson5*4,  includes  an  additional  term  to  allow 
for  the  effect  of  body  fineness  ratio,  so  that  Equation  (5.22)  becomes** 

/  1  \3/2  V 

=  TVbh)  ^<1  +  0-^/f>-  (5-23) 

If  it  is  assumed  that  V  =  k3lt2  .  where  l  is  the  length  of  the  body  and  t  its 
maximum  d'ameter,  this  modification  is  equivalent  to  putting  in  Equation  (5.18) 


effect  of  compressibility  to  be  estimated  in  the 


/  AJ/2  v 

T  W 


(5.22) 


3 


k3[f  +  0.4]  , 


(5.24) 


which,  for  a  typical  value  k3  =  0.45  ,  gives  values  of  \3  close  to  those  derived 
more  directly. 

Is  Section  5. 2. 1  it  was  suggested  that  the  solid-blockage  factor  of  an  aerofoil 
could  be  determined  readily  if  the  model  was  replaced  by  an  equivalent  ellipse. 
Similarly,  the  body  of  revolution  any  be  replaced  by  a  spheroid  having  the  same  volume 
and  maximum  thickness;  the  length  of  the  equivalent  spheroid  will  usually  be  less  than 
l  ,  and  the  equivalent  fineness  ratio  will  be 


The  value  of  for  the  body  may  now  be  found  directly  from  Figure  5.2.  As  an 
example,  consider  a  body  of  actual  fineness  ratio  10,  where  the  equivalent-spheroid 
approach  yields  the  yalue  \3  =  5.91  in  close  agreement  with  \3  =  5.96  from 
Equation  (5.24). 

So  far  we  have  considered  toe  contribution  of  the  model  geometry  to  the  blockage 
factor.  The  tunnel  shape  aico  influences  «8  through  the  parameter  T  or  r  and 
values  for  specific  tunnel  cross-sections  are  given  in  eeveral  papers  (s.g. ,  References 
5.1.  5.4,  5.23).  The  most  complete  calculations  for  the  tunnel-shape  parameter  are 
probably  those  by  Herriot5*23,  covering  values  of  b/n  between  0.29  sad  3.5  with 
corresponding  changes  in  r  frcm  0.31  to  1.73.  These  results  are  replotted  in 
Figures  5.3  and  5.4  in  terms  of  T  ,  where  use  is  made  of  the  fact  that  for  a  small 
model  the  value  of  r  is  independent  of  the  orientation  i  f  the  eodel  with  respect  to 


*  la  some  early  papers  there  was  coo fusion  about  the  precise  form  of  the  boundary  conditions 
at  the  model  and  hence  of  the  compressibility  factor.  It  Is  no*  generally  accepted  that 
f}~3  is  correct. 

••  The  remarks  contained  in  the  footnote,  indicated  Just  before  Equation  (5.9),  about  the 
compressibility  factor  for  thickness  effect  of  two-dimensional  profiles  apply  to  three- 
dimensional  bodies  also. 


29? 


the  wells.  Approximate  formulae  for  T  have  been  suggested  as  an  alternative  to  the 
■ore  precise  calculations.  Thus,  for  {  <  b/h  <  2  ,  Thompson  s  • 6  recommends 


b  h 

T  =  0.36  -  +  -  .  (5.26) 

h  b 


As  Figure  5.4  shows,  this  lies  very  close  to  Herriot’ s  curve.  For  1.2  <  b/h  <  2.0 
Young  and  Squire3 • 5  have  suggested  the  following  formula 


T  = 


(5.27) 


which,  though  far  less  satisfactory,  leads  to  a  very  staple  fora  of  Equation  (5.22), 


=  0.65 


W& b' 


(5.28) 


It  is  claiaed  that  this  gives  the  blockage  correction  to  within  ±5%  for  any  three- 
dimensional  model.  For  a  body  of  revolution  specifically.  Young  and  Squire  suggest 
that  the  numerical  factor  is  taken  as  0.68.  There  would  seem  to  be  little  to  be  saved 
in  using  their  fora  in  place  of  the  more  exact  relation  (5.22)  or  (5.23).  combined  with 
(5.26). 


As  in  the  case  of  the  two-disensional  aerofoil,  it  is  sometimes  necessary  to  use 
■ore  complex  expressions  for  the  solid  blockage,  if  the  body  is  long  compared  with  the 
tunnel  dimensions.  This  problem  has  been  considered,  for  exaaple,  by  Evans  (Ref.  5. 25; 
1949),  whose  aethod  is  essentially  a  development  and  extension  of  the  earlier  papers  by 
Thom  and  Thompson.  A  thin  body  of  revolution  may  be  represented  approximately  by  a 
distribution  of  sources  and  sinks  along  the  body  axis,  and  the  walls  by  an  infinite 
array  of  images.  The  variation  of  the  blockage  factor  along  the  body  «ay  now  be 
calculated;  this  is  done  hy  Evans  for  a  tunnel  where  b/h  =  1.43  .  The  method,  though 
more  complex  than  the  siaple  analyses  discussed  earlier,  may  easily  be  applied  to  any 
value  of  b/h  so  that  the  validity  of  the  siaple  equation  can  be  checked  in  any 
particular  case. 


A  model  mounted  off  the  tunnel  axis  is  considered  in  Reference  5.57. 


5.2.3  lings  and  Wing-Body  Combinations 

For  the  purpose  of  calculating  the  solid -blockage  effects  the  small  wing  or  wing-body 
combination,  of  finite  span  may  be  regarded  as  identical  to  a  body  of  revolution  of  the 
same  volume.  This  implies,  however,  that  the  wing  is  replaced  hy  an  equivalent  sphere 
or  spheroid,  and  not.  as  one  sight  feel  is  more  appropriate,  hy  an  equivalent  cylinder. 

A  rectangular  wing  of  6  ft  (1.83  ■)  span,  1  ft  (0.305  ■)  chord  with  t/c  =  0.125  would 
be  replaced  in  the  analysis  hy  a  sphere  of  diaaeter  about  11.8  ins  (0.30  a):  the 
equivalent  spheroid,  having  the  saae  frontal  ares  as  the  wing,  would  not  be  greatly 
different  fro*  this  sphere. 

Though  precision  is  not  possible  in  such  utters  a  “seall”  wing  «ay  conveniently  be 
regarded  as  one  in  which  the  ratio  of  the  -leg  span  (2a)  to  the  tunnel  breadth  (b)  is 


below  about  0.5.  Within  this  range,  Equation  (5.22)  may  be  used  nnd  Equation  (5.23) 
modified  to  neeome 


C 
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1  +  1.25 


(;)]• 


(5.29) 


where  C  =  bh  .  It  is  assumed  in  this  equation  that  the  wing  effects  will  be  more 
important  than  those  arising  from  the  body. 


When  the  model  is  no  longer  small  compared  with  the  tunnel  dimensions,  its 
representation  fcy  a  doublet  becomes  invalid.  For  a  slender  delta  planfonn  a 
distribution  of  sources  and  sinks  lying  along  the  model  axis  should  be  used  and  the 
calculation  made  as  for  a  long  body  of  revolution5,25.  In  practice,  a  single 
source-sink  arrangement  is  often  sufficient.  If  the  wing  is  unswept  or  only 
moderately  swept,  it  may  be  better  to  represent  it  by  a  series  of  finite  line  sources 
and  sinks  running  either  parallel  to  the  span,  or  parallel  to  the  leading  edge.  Such 
an  approach  was  made  by  Thom5*4,  who  chose  to  keep  the  strength  of  the  sources  and 
sinks  constant  along  the  span  despite  the  fact  that  this  arrangement  strictly  entails 
some  distortion  of  the  planfona  and  a  reduction  in  wing  thickness  near  the  tip.  The 
axial  velocity  induced  in  the  tunnel  by  the  images  of  the  distribution  representing 
the  model  may  now  be  found,  though  in  some  cases  the  calculation  may  be  complex. 


The  representation  of  the  wing  by  line  sources  and  sinks  was  also  adopted  by 
Herriot5*23.  whose  results  cover  a  wide  range  of  tunnel  shape  (0.29  <  b/b  <  3.5)  and 
model  span  (0  <  2s/b  <  1)  in  compressible  flow.  Herriot’ s  results  may  be  expressed 
in  terms  of  the  tunnel-shape  parameter  r  and  the  body-shape  parameters  and  \3  . 
In  the  notation  of  the  present  text  his  equation  for  the  solid-blockage  factor  at  the 
centre  of  a  finite  wing  of  frontal  area  A^  may  be  written  as 


where  r  now  depends  on  2s/b  . 

Equation  (5.30)  may  be  transformed  to  yield  equations  similar  to  (5.22)  and  (5.29) 
above,  but  where  T  is  now  a  function  of  b/h  and  2s/b  ,  as  shown  in  Figures  5.5* 
and  5.6  which  are  based  on  Reference  5.23;  when  2s/b  <  0.5  ,  T  doss  not  vary  greatly 
with  2s/b  .  The  general  forms  of  Equations  (5.23)  and  (5.29)  may  be  applied  to  wing- 
body  combinations  as  well  as  simple  wings,  since  the  effect  of  the  wing  is  generally 
of  greatest  importance  in  determining  the  blockage.  In  cases  where  this  is  less 
obvious,  the  contributions  of  the  wing  and  body  separately  may  be  estimated  and  their 
effects  added. 


7T3/2TAatX2 
*63< bh)3/2 


(5.30) 


When  the  wing  is  sweptoack,  and  perhaps  tapered,  the  lines  of  sonrces  and  sinks  may 
no  longer  be  normal  to  the  stream  and  the  infinite  summations  are  less  easy.  Evans5 '“s 
has  shown  that  most  wings  may  be  represented  by  a  uniform  non-tapered  wing,  having  the 


*  For  2s/b  =l.a  comparison  C3n  be  wade  with  two-dimensional  results  by  putting  V  =  Ab  in 
Equation  (5.22).  In  this  case 

T 
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•here  the  first  ter*  corresponds  to  Equation  (5.7)  and  the  second  term  arises  from  the 
side-wall  images. 
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sane  volume,  mean  sweep  and  thickness-chord  ratio  as  the  original  wing,  but  with  a 
span  equal  to  2/3  kx ,  where  kx  is  the  radius  of  gyration  of  the  original  wing  about 
the  x  axis.  In  Reference  5.25;  Evans  is  concerned  •.vith  a  tunnel  with  b/fc  =  1.43 
and  carries  out  summations  for  various  mean  sweeps,  so  that  es  may  be  calculated 
over  the  model.  The  method,  however,  is  of  very  general  application. 

Wien  a  half-span  model,  mounted  directly  on  to  the  tunnel  side-wall,  is  being  tested, 
the  solid  blockage  at  the  model  position  is  approximately  that  due  to  a  complete  model 
in  a  tunnel  of  twice  the  breadth. 

It  may  sometimes  be  necessary  to  calculate  the  solid-blockage  effects  of  model 
supports,  such  as  struts  and  stings.  Some  care  is  required,  because  the  strut  is 
roughly  equivalent  to  a  half-wing  model  and  the  sting  to  a  very  long  solid  of 
revolution;  moreover  the  corrections  to  stream  velocity  are  required  at  the  model 
position  and  not  at  the  centre  of  the  support.  It  is  sometimes  preferable  to  attempt 
to  measure  directly  this  velocity  increment  associated  with  the  support  gear  in  the 
absence  of  the  model. 


5.3  SOLID  BLOCKAGE  FACTORS  IN  CLOSED 
NON- RECTANGULAR  TUNNELS 

5.3.1  Octagonal  Tunnels 

Many  wind  tunnels,  though  basically  of  rectangular  cross-section,  have  comer 
fillets  to  fora  what  may  be  described  as  an  octagonal  working  section.  The  effect  of 
the  comer  fillets  in  modifying  the  results  presented  in  Section  5.2  is  therefore  of 
some  importance,  though  it  is  likely  that  significant  differences  will  only  arise  if 
the  fillets  are  large.  The  analysis  for  an  octagonal  tunnel  is  less  straightforward 
than  for  a  rectangular  tunnel  and  only  very  approximate  methods  are  at  present 
available.  Batchelor5 * 2 1,  considering  incompressible  flow,  uses  the  fact  that  the 
tunnel  height  varies  along  the  span  of  a  two-dimensional  aerofoil  and  argues  that 
there  is  a  consequent  spanwise  variation  in  6g  which  locally  is  given  by  Equation 
(5.2).  This  means  that  when  the  overall  force  on  the  wing  Is  measured  the  inter¬ 
ference  must  be  averaged  across  the  span  to  give  an  equivalent  height,  as  defined  by 
Equation  (2.29)  of  Chapter  II.  Details  of  the  results  for  the  Melbourne  9  ft  x  7  ft 
tunnel  will  be  found  in  Reference  5.21;  some  care  is  required  if  the  forces  are 
measured  on  only  part  of  the  wing  span.  Batchelor’s  approach  probably  overestimates 
the  interference  present  on  a  full -span  model,  and  it  would  seem  safer  to  adopt  the 
alternative  equivalent  height  suggested  in  Equation  (2.30)  of  Chapter  II.  The  fillets 
can  probably  be  ignored  in  relation  to  measurements  of  pressure  at  the  mid-span  position. 

Batchelor  also  discusses  the  interference  likely  to  arise  from  three-dimensional 
models  within  the  octagonal  working  section.  It  is  assumed  that  the  solid  blockage  is 
the  sum  of  that  due  to  the  basic  rectangular  section  and  a  contribution  from  the  comer 
fillets.  The  condition  of  zero  flow  across  the  fillet  boundary  is  only  approximately 
satisfied  by  the  chosen  distribution  of  sources  and  sinks  because  of  the  complexity  of 
the  analysis,  forking  in  terms  of  the  tunnel-shape  parameter  ~  and  the  three- 
dimensional  model-shape  parameter  ,  Batchelor  estimates  the  blockage  factor  from 
the  following  equation 
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where  rQ  is  the  value  for  the  basic  rectangular  tunnel,  r  is  the  calculated 
increment  due  to  the  fillets,  and  C  is  the  cross-sectional  area  of  the  octagonal 
working  section.  Equation  (5.31)  may  be  rewritten  as 
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(5.32) 


which  is  in  an  analogous  form  to  Equation  (5.18).  Fbr  the  Melbourne  tunnel  tq  =  0.83  . 
and  the  first  term  in  the  square  bracket  has  a  value  of  0.71.  r  is  estimated  to  be 
about  0.04  which  is  sufficiently  small  to  suggest  that,  for  moderately  small  fillets, 
a  sufficiently  good  answer  cay  be  obtained  by  simply  calculating  the  blockage  factor 
appropriate  to  the  basic  rectangular  tunnel,  i.e. ,  by  patting  r  =  0  in  Equation 
(5.32).  If  this  procedure  is  valid,  then  any  of  the  formulae  in  Section  5.2  aav  bo 
used  and  the  effect  of  compressibility  is  allowed  for  oy  the  factor  /3~3  . 


The  lift  interference  on  a  model  in  an  octagonal  tunnel  was  also  discussed  by 
Batchelor  in  Reference  5.21,  and  this  approach  was  later  extended  by  Loos  (Ref. 5. 51; 
1951),  who  represented  the  tunnel  walls  in  a  simpler  but  rather  more  approximate 
fashion.  It  seems  possible  that  a  similar  analysis  could  be  made  for  the  blockage 
correction. 


5.3.2  Circular  and  Elliptical  Ttxiuels 

Tunnels  haviug  a  closed  circular  cross-section  are  now  less  widely  employed  than  in 
the  past;  as  a  consequence  there  is  less  literature  on  blockage  effects  than  for  the 
rectangular  working  section. 

Tfce  calculation  of  toe  solid  blockage  attributable  to  an  aerofoil  spanning  a  closed 
circular  tunnel  is  far  from  easy  and  seems  first  to  have  been  discussed  by  Vincent!  and 
Graham  (Ref.  5.27;  1846);  they  pointed  out  that  the  interference  cannot  bo  found  l=y  the 
image  method,  since  no  system  of  images  satisfies  the  appropriate  conditions  at  the 
tunne)  boundary.  Tre  floe  field  of  the  non-lifting  two-dimensional  model  was 
represented  fcy  a  distribution  of  horse-shoe  vertex  elements  of  infinitesimal  span  for 
which  the  interference  field  in  a  circular  tunnel  is  known5 ' 55 .  In  the  present 
notation,  these  authors  obtained,  for  the  solid-blockage  factor  at  the  tunnel  centre. 
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where  R  is  the  radius  of  the  tunnel.  This  is  identical  to  Equation  (5.6)  for  an 
aerofoil  spanning  a  two-dimensional  rectangular  tuonel  cf  height  1.558R.  It  follows 
that,  provided  this  transformation  of  tunnel  height  and  diameter  is  made,  the  several 
blcckagi  equations  of  Section  5.2.1  may  be  used.  Thompsons  Equation  (5.9)  becomes, 
for  example. 

~s  =  °.216  (5.34) 
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Vlncenti  and  Graham  show  fchct.  because  of  the  symmetry  of  the  system,  no  vertical 
velocity  is  induced  at  any  position  along  the  span  of  the  aerofoil,-  nor  is  there  a 
streaawise  pressure-gradient  associated  with  the  solid  blockage. 

The  blockage  effect  of  a  body  of  revolution  inside  a  circular  tunnel  wns  one  of  the 
earliest  problems  of  this  type  to  be  discussed^  Laab  {Ref. 5. 26;  1926)  considered  a 
Rankine  ovoid.  The  series  of  Bessel  functions  **hich  arise  in  the  analysis  were 
subsequently  reduced  to  a  sore  usable  for*  qy  ffatson  (Ref. 5. 28;  1930;,.  Glauert"*1 
and  Lock5 ' 29  derived  the  solid-bloc Lage  factor  for  incoJvrespible  flow  in  the  simple 
fora 


snere  C  -  W?  .  Hence 


\3  may  be  derived  for  w*de  range 
alternatively  estimated  from  Pi go re 
of  course,  a  tunnel -shape  parameter 
a  square  tunnel  tG.Sl). 
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(5.36) 


Of  bodies  from  the  tables  in  Reference  5.23,  or 
5.2.  The  numerical  factor  in  Equation  (?.35)  is, 
analogous  to  r  ;  its  value  is  close  to  that  for 


Cncc  again  it  is  sometimes  convenient  to  use  the  model  volume  V  and  s  tunnel-shape 
parameter  corresponding  to  f(=iv^V)  ,  fith  allowance  for  compressibility.  Equations 
(5.35)  and  (5.36)  then,  become 


and 


(5.37) 


(5.38) 


che  tunnel  parameter  T  thus  has  a  value  of  0.706  for  circular  tunnels.  Equations  of 
this  type  nave  been  derived  bv  several  authors5*23'5*30-5-22  for  small  bodies  of 
revolution,  small  Tings  or  wing-bod/  combinations.  Thompson*  s  thickness  modification 
may  also  be  applied  fey  multiplying  the  equations  by  either  El  +  1.2/3(t/c)]  or 
(1  +  0r4yS/f). 


When  the  model  span  is  no  longer  small  compared  with  the  tunnel  breadth,  the 
aeaerical  constants  in  Equations  (5.35)  and  (5.27)  must  be  modified5*23  as  shown  in 
the  following  table  and  Figure  5.6. 


2 s/b 

0 

0.  25 

3.50 

C.  75 

7* 

0.797 

0.812 

0. 82. 

0,859 

T 

0.706 

0.720 

0.734 

_ 

0.761 
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The  actual  variation  in  T  with  aodel  size  is  very  close  to  that  for  a  square 
tunnel.  Herriot' s  theory  is  not  really  applicable  at  the  limit  2s/b  =  l  ,  tat  a 
similar  difference  to  that  noted  for  rectangular  tunnels  (footnote  in  Section  5.2.3) 
occurs  if  his  Halting  results  are  compared  with  the  quasi-two-diaensional  Equation 
(5.34). 


Puchshaber  (Ref.  5.59;  1961)  gives  a  mathematical  solution  of  the  axisymaetrical 
problea  without  numeric*!  results.  The  solid-blockage  corrections  associated  with  & 
body  of  revolution  at  incidence  In  the  centre  of  a  circular  tunnel  has  been  considered 
in  general  tents  by  Creaer  and  Kolberg  (Ref.  5. 58;  1980).  Even  the  ezpre ssios  for  the 
velocity  increoent  at  the  centre-line  of  the  tunnel  is  quite  complicated,  and  the 
authors  suggest  the  use  of  a  computer  in  any  applications. 


The  distribution  of  solid  blockage  along  a  body  of  length  I  pieced  at  the  axis  of 
a  circular  tunnel  has  been  discussed  by  Vandrey  (Ref.  5. 33;  1951)  in  a  paper  which  may 
be  regarded  au  the  counterpart  of  Borden’  a  analysis5  * 2  for  rectangular  tunnels. 

Van  drey  replaces  the  body  hy  a  Rank  in  e  ovoid  having  the  sue  voluae  end  aaxitsas  cross- 
section  and  obtains  an  expression  for  tlie  solid-blockage  factor  at  a  distance  x  froa 
the  body  centre 
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and  K(£)  is  given  in  Table  5.1.  Distributions  of  eg(x>  for  bodis3  of  different 
lengths  are  illustrated  in  Figure  5.7. 


The  maximum  blockage  factor  is  reached  at  the  centre  of  the  body  <x  =  0).  where 


V°>  = 


(5.40) 


where  a  is  the  distance  between  the  source  and  the  sink  that  represent  the  body. 

For  a  Rcnkine  ovoid  the  shape  parameter  k3  is  approximately  equal  to  the  body  fineness 
ratio5  *2.  Equation  (5.40)  way  be  rewritten  as 


(5.41) 


which  is  formally  similar  to  Equation  (5. 18).  The  parameter  r  will  now  vary  with  the 
ratio  of  the  body  length  to  tunnel  diameter  (Fig.  5.8).  For  a  very  small  body  r 
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approaches  Lock's  value  of  0.797.  It  is  at  once  apparent  that  use  of  this  small-body 
value  for  long  bodies  sill  seriously  overestimate  the  maximum  solid-blockage 
correction. 

7fcough  the  analysis  is  strictly  only  applicable  to  Rankin e  avoids,  it  ehonla  al&o 
apply  approxiaately  to  bodies  of  rather  siailar  shape.  Thus  Equation  (5.41)  say  be 
rewritten  as 

/  iY/a  V 

«8(0)  =  t(  - }  =  .  (5.42) 

8  \C/  P 

where  ?i=i\rnr)  is  also  given  in  Figure  5.8r  It  is  interesting  to  note  the  Marked 
similarity  between  Vwidrey'r  work  and  an  earlier  discussion  ty  Lock  and  Johansen 
»Ref.  5.34;  1931).  the  value  of  tg<9>  is  by  definition  the  maximum  achieved  on  the 
body  and  not  tbs  average  over  its  length.  It  may  be  argued  that  for  aaoy  purposes, 
such  as  the  deter* ination  of  critical  Slow  conditions,  it  is  this  maxima  value  which 
is  of  greatest  importance:  in  other  cases,  such  as  the  correction  of  drag  and  pressure 
measurements,  the  mean  blockage  may  well  be  used. 

Vandrey's  method  may  also  be  applied  to  find  the  solid-blockage  factor  for  a 
semi-infinite  body;  the  variation  ahead  of.  and  along,  the  body  is  shown  in  Figure  5.9. 
The  maximum  value  of  eg  has  almost  bees  reached  by  (me  tunnel  diameter  from  the  nose 
of  the  body.  For  this  case  the  origin  can  conveniently  bo  changed  to  the  source 
position  near  the  body  nose.  If  x. 

(5.39)  reduces  to 

w  * 

(*sre  <f3  - 

Sines  the  velocity  gradient  at  the  origin  df?e  to  a  source  corresponds  in  magnitude 
to  the  velocity  induced  hr  a  doublet,  the  tangsat  to  the  curve  shorn  in  Figure  5.9 
may  be  regarded  as  equivalent  to  Lock's  small-body  Equation  (5-35}  if  the  fineness 
ratio  is  assumed  to  equal  \3  . 

Though  several  authors  have  considered  the  lift  interference  associated  with  a  model 
mounted  in  a  tunnel  of  elliptical  cross-section,  the  corresponding  blockage  problem 
seems  to  have  been  neglected,  lb  estimate  the  solid-blockage  factor  ft  the  centre 
section  of  a  two-dimensional  aerofoil  spanning  an  elliptical  vucsel,  it  would  seem 
possible  to  apply  rectangular-tunnel  corrections  for  an  effective  tunnel  height  hft  . 

If  m  and  n  are  the  major  fspaswise)  and  minor  axes  of  the  tunnel,  then  be  will  be 
in  the  range  between  the  values  for  circular  and  rectangular  tunnels  0.779  <  be/n  <  1 ; 
in  the  absence  ef  other  evidence,  a  simple  linear  relationship  between  he/'a  and  n/a 
is  suggested  is  Figure  5.19.  For  balance  seasurements  on  the  fall  aerofoil  span.  ne 
may  be  taken  as  equal  to  inn  . 

For  a  small  three-dimensional  model  the  tunnel -shape  parameter  T  or  r  for  a 
circular  funnel  is  within  2&  of  that  for  a  square  tunnel,  and  Figure  5.6  shows  that 
the  variation  of  the  tunnel-shape  parameter  with  increasing  model  size  is  siailar  for 
the  two  shapes  of  working  section,  Xs  the  absence  of  direct  information  it  is  suggested 
that,  for  three-dimensional  models,  the  approximate  value  of  T  or  r  for  an 
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elliptical  tunnel  may  be  taken  as  tfc at  for  s  rectangular  tunnel  cf  breadth  to  height 
ratio  nJn  .  It  is  iEpcrfcan'.  to  reeeaber  that,  in  adapting  the  formulae  of  Sections 
5.2.2  and  5.2.3,  the  cross-sectional  ares  of  the  elliptical  tunnel  C(=in*n)  should 
be  used  in  place  of  bh  , 


5.4  VASE  BL0CSA6E  FACTORS  IK  CLOSES  TUNNELS 

9.4.1  fwo-Bimeasiow)  Azrcfcli  is  a 
Reciaagmlar  'hwsel 

An  early  attempt  to  alio*  for  the  sake  blockage  cf  a  two-dimensional  aerofoil  in 
incompressible  flow  ms  cade  Ly  Page  (Ref.  5. 55;  1329)  and  Lock  (Ref.  5. 29;  1929),  who 
introduced  an  empirical  facto?  based  on  the  effective  width  of  the  wake,  into  the 
solid-blockage  correction.  Later  Cl«arts*;  drew  aa  analogy  with  the  discontinuous 
flow  behind  a  bluff  body  in  a  constricted  stream  and  suggested  that  the  effect  of  the 
wake-iodUTOd  longitudinal  velocity  increment  cn  the  measured  drag  force  (D)  could  be 
represented  hy 


Dc  =  0 


KF 


(5.44) 


where  B,  is  2fce  corrected  dreg;  is  the  effective  width  of  the  cake  some  distance 
doWAStrcaa  of  the  model  and  is  assumed  to  vary  with  thickness /chord  ratio  in  the  manner 
shown  in  Figure  5.  li.  ©is  curve  is  based  cn  the  experimental  evidence  available  when 
Reference  5,1  ns  written  (1W?;.  Equation  (5.44)  corresponds  to  a  wake-blockage  factor 
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(5.45) 


if  terms  it  if  are  neglected. 
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Subsequent  authors  have  ielt  that  the  use  of  the  factor  i)  was  in  many  ways 
unsatisfactory-,  particularly  for  aerofoils  ana  slender  bodies  and  it  is  now  usual  to 
relate  cc  to  the  measured  boar  srag  when  this  is  known  or  can  be  estimated.  Use 
baa  often  been  made  of  Prandtl's  suggestion  that  the  wake  can  be  represented  by  an 
equivalent  source  situated  at  &&e  point  on  is*  aerofoil  (say,  aid-chord  or  t-  ,il ins 
edgo).  The  strength  of  -his  source  Q  is  related  to  the  aerofoil  drag  fcy 
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A  sink  of  equal  strength  ?wst  to  placed  fstr  downstream.  The  valocity  increment  due  to 
wake  blockage  may  then  be  calculated  as  that  effectively  induced  et  the  model  position 
by  the  infinite  array  of  source  sad  sink  images.  ©c  appropriate  wake-blockage  factor 
in  incompressible  flew 
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(5.47) 


has  bees  derived  fay  easy  authors.  For  modem  aerofoil  sections,  Equation.  (5.47)  gives 
a  lower  value  of  £_  than  Equation  (5, 45)  and  is  to  be  preferred. 
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Equation  (5.4?)  is  derived  in  slightly  different  ways  is  the  literature,  mainly 
because  of  inherent  difficulties  in  satisfying  the  conditions  sell  domstreaa  of  the 
model*.  these  differences  are  of  little  importance  is  incompressible  flow,  but  may 
affect  the  compressibility  factor  that  is  applied.  Thorn5'11  sad  GBthert5*31  recommend 
multiplying  Equation  (5.47)  by  .£**  to  give 


=  (SW> 

Allen  and  Vincent!*'3  consider  that  the  source  representing  the  model  wake  should  give 
the  same  pressure  drop  far  downstream  and  not,  as  in  Reference  5.4,  the  same  drag  as 
the  model  is  the  tunnel.  Allen  and  Vincent!  obtain  a  different  compressibility  factor 
which,  fcr  the  ratio  of  specific  heats  y  =  1.4  ,  gives 


l/c\  1  +  0.4K2 

**  =  i(hj  /5*  Cd' 


(5.49) 


This  compressibility  factor  lies  between  y 8~2  and  ff~3  (Fig.5.12).  Thompson5** 
doubts  whether  this  more  complex  factor  is  theoretically  better  than  the  simpler  fore, 
because  the  representation  of  the  wake  by  a  source  is  in  any  case  difficult  tc-  justify 
rigorously.  The  use  of  Equation  (5.49)  sometimes  leads  to  better  agreement  with 
experiment  at  high  subsonic  Mach  numbers  than  does  Equation  (5.4S),  since  in  practice 
the  compressibility  factor  •  often  underestimates  the  effect  of  stream  Mach  number; 
for  this  reason  alone.  Equation  (5-49)  would  sees  to  be  preferable. 


Goldstein5*7  has  also  considered  the  wake-blockage  effect  in  incompressible  flow  and 
concludes  that  the  source-image  system  of  representing  the  wake  and  walls  is  valid  if 
CD  is  small,  even  though  c/b  is  comparatively  large.  In  such  cases,  however,  terms 
up  to  (c/b)’  may  be  required.  Although  no  direct  expression  fora  wake-blockage  factor 
is  contained  in  Reference  5.7.  the  correction  is  implicit  in  the  equations  derived  for 
finding  the  streot  velocity  fro*  measurements  made  at  the  ttanei  wall. 


Equation  (5.48)  is  the  first  term  of  ea  equation  due  to  Moods5*8,  who  gives  a  some¬ 
what  different  approach  both  in  allowing  for  stream  compressibility  and  for  representing 
the  wake.  This  is  replaced  by  a  stiag  of  thickness  g  attached  to  the  trailing  edge 
of  the  model  and  extending  to  infinity  downstream.  In  an  unbounded  stream 


g  =  IcCj,  ,  *  (5.50) 

and  this  remains  true  in  the  tunnel  provided  terms  in  C7  can  be  neglected.  Moods 
shows  that  ew  may  vary  along  the  model  chord  and  derives  the  expression,  valid  in  the 
neighbourhood  of  the  aerofoil. 


ew(x) 


(5.51) 


*  CcMgmre.  for  exsaple,  the  methods  of  References  5.3  sad  5.4,  Thom,  in  the  latter  paper, 
discusses  the  poeitios  of  the  sink  aad  conclude*  that  it  seed  sot  be  at  infinity  provided 
it  is  further  away  from  the  model  than  ;  at  waller  distances  «f  is  affected. 
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The  largest  value  of  e9  along  the  chord  of  the  model  occurs  at  the  trailing  edge 
(i  =  c)  and  is  that  given  tor  Equation  (5.48).  Equation  (5.51)  may  he  used  to  calculate 
an  approximate  mean  wake-blockage  factor  for  a  large  model,  for  say,  the  correction  of 
balance  results.  If  the  variation  of  ev  along  the  model  is  large  thi&  may  indicate 
that  the  pressure  field  around  the  model  is  distorted  and  does  sot  correspond  to  some 
free-air  pressure  field.  The  validity  of  using  the  local  value  of  em  to  correct  the 
measured  pressure  distribution  then  seems  doubtful.  As  far  as  is  know,  the  distortion 
of  the  model  surface  pressures  due  to  the  presence  of  a  large  wake  has  not  been 
considered. 


5.4.2  Ifcree-Dimeasioeal  Models  is  a 
Kectmagmlar  Twael 


v 

4 


Originally  Glauert5,1  suggested  that  his  empirical  wake-blockage  factor  77  might 
be  applied  in  a  modified  fora  for  three-dimensional  bodies,  particularly  solids  of 
revolution.  A  new  factor 


V  =  V 


(5.52) 


was  suggested,  77  being  obtained  from  sn  equivalent  two-dimensional  body  of  the  same 
fineness  ratio.  Equation  (5.52)  implies  that  the  wake-blockage  effect  is  far  less 
important  for  small  three-dimensional  models  than  for  aerofoils.  Such  arguments  are 
less  forceful  for  a  large  wing,  and  later  authors  have  once  more  preferred  to  relate 
the  wake-blockage  factor  to  the  model  drag.  As  in  two-dimensional  flew,  the  wake  is 
replaced  by  a  source  at  the  model  position.  The  corresponding  equation  to  (5.48) 
above  is 


e*  =  iGh)#;4®.' 


(5.53) 


where  S  is  the  model  ares  on  wfcitii’nthe  aerodynamic  coefficients  are  based  (e.g. .  the 
planfora  area  of  a  wing).  Alternatively,  following  Alien  and  Vincenti5 ' 3  and 
Harriot5'23,  we  have 


£.  = 


1  /S\l  +  0. 4M2’  . 


(5.54) 


These  equaticn£_are  usually  held  to  apply  to  any  three-dimensional  model  but  some  care 
is  needed  if  this  is  a  lifting  wing;  the  drag  is  then  partly  due  to  the  traiiing-vortex 
system  and  partly  to  surface  friction  and  incomplete  pressure  recovery  over  the  after 
part  of  the  model.  It  eeeas  reasonable  to  ignore  the  influence  of  the  vortex  drag  on 
the  wake  blockage,  so  that  is  Equations  (5.53)  and  (5.54).  Coa  ,  the  zero-lift  drag 
should  he  used.  Such  an  approach  is  of  course  consistent  with  the  general  assumption 
that  the  blockage  is  independent  of  lift,  provided  the  latter  is  not  large.  Sith 
separated  flow,  however,  an  alternative  method  is  required  and  this  is  discussed  in 
Chapter  VII. 


*  * 


Methods  so  far  discussed  have  largely  Ignored  the  actual  structure  of  the  wake, 
fids  matter  was  considered  by  Evans5, 25  who.  starting  from  the  momentum  and  continuity 
equations  of  the  flow,  showed  that  the  form  of  the  velocity  distribution  within  the 
wake  had  little  influence  on  the  velocity  increment  experienced  by  the  flow  outside 
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ths  wake.  The  velocity  inside  the  wake  can  therefore  be  considered  as  constant  at  fl 
times  the  uncorrected  free-streaa  velocity  U  .  The  velocity  increment  sufficiently 
far  doanstreaa  from  the  aodel  (where  the  wake  blockage  will  be  higher  than  at  the  aodel 
position)  may  be  written  as 


where 


A  source  of  strength  Q  placed  on  the  tunnel  axis  at  the  aodel  position  gives  an 
increment 


l^vake 


Q 

' 


(5.58) 


Thus  tbu  source  strength  equivalent  to  Equation  (a. 55)  is 

%  -  $VSCJ}  .  (5.57) 

Now  n  is  about  0.9  in  the  region  downstreas  of  the  aodel  and  hence  as  the  stress 
Kadi  auaber  increases  fro*  zero  to  unity  *  changes  froa  l.l  to  about  1.5.  Evans  In 
fact  suggests  that  a  value  of  1.4  is  appropriate  for  aost  high-speed  tunnel  tests,  if 
ho  aore  exact  information  is  available.  Thorn5’*  and  others,  using  Equation  (5.46), 
way  be  regarded  as  putting  V  equal  to  unity  in  Equation  (5.57). 
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The  fora  of  Equation  (5.53)  advocated  by  Evans  then  becomes 

1  /  s\fl  +  0.2(l+n)M2] 

e* =  iUj[  ty*  J °0' 


(5.58) 


If  0  is  taken  as  unity  for  all  stress  Each  numbers,  this  equation  reduces  to  a  fora 
identical  with  Equation  (5.54)  above. 


Par  a  long  body,  Evans  suggests  that  the  source  be  placed  at  the  aodel  centre-of- 
voluae  and  the  wake-blockage  velocity  increaeat  calculated  not  only  along  the  length 
of  the  body  but  along  the  tunnel  walls  as  well.  As  Section  5.6  shows.  the  latter  : 

interaction  is  valuable  in  providing  a  method  of  checking  the  validity  of  blockage- 
correction  theory.  Although  Reference  5.25  is  concerned  with  a  tunnel  where 
b/h  =  2.43  ,  the  method  is  of  general  application.  j 

As  in  the  case  of  the  solid  blockage,  the  wake  blockage  for  a  half-span  aodel  A 

counted  directly  on  the  side-wail  of  a  rectangular  tunnel  should  be  calculated  froa  l| 

the  value  appropriate  to  a^coeplete  aodel  in  a  tunnel  of  twice  the  breadth.  The  || 

wake  blockage  of  struts  supporting  a  aodel  aay  sometimes  be  significant  and  these 
should  be  regarded  as  equivalent  to  half-wings  mounted  on  the  tunnel  fleer.  It  is 
usually  sufficient  to  assume  that  the  velocity  increment  calculated  froa  present 
techniques  aay  be  applied  at  the  actual  aodel  position. 


5.4,3  Closed  Nou-Bsctangalar  Tunoels 


Batchelor5'21  and  Vincent!  and  Grabs®5 * 27  discuss  the  appropriate  wake-blockage 
factors  for  two-dimensional  aerofoils  spanning  octagonal  and  circular  tunnels 
respectively;  they  recowend,  as  for  solid  blockage  (Sections  5.3.1  and  5.4.2).  that 
a  similar  formula  should  be  used  to  that  for  a  rectangular  tunnel,  but  with  an 
equivalent  height  fce  in  place  of  h  .  At  the  csjtre  section  it  seers  best  to  ignore 
corner  fillets,  to  take  he  =  1.558R  for  a  circular  tunnel,  and  to  use  Figure  5.10 
for  an  elliptical  tunnel,  fhea  balance  results  on  a  full-span  nodel  have  been  obtained 
and  require  correction,  it  would  see®  best  to  put 

C 

h0  =  -  ,  (5.59) 

c 

as  suggested  in  Equation  (2.30)  of  Chapter  II;  this  would  give  a  slightly  larger  value 
he  =  1.571E  for  a  circular  tunnel,  or  generally  for  an  elliptical  tunnel  hft  =  0.?85n 
in  place  of  Figure  5. 10.  The  relevant  wake-blockage  equation  in  all  cases  will  be 


where  CD0  is  the  zero-lift  drag. 

For  bodies  of  revolution,  wings  and  wing-body  combinations,  it  is  suggested  that 
Equation  (5.54)  be  used  to  determine  the  wake-blockage  factor,  but  with  the  tunnel 
cross-sectional  area  C  in  place  of  to  .  If  the  wake  characteristics  are  known. 
Equation  (5.58),  similarly  modified,  may  be  employed. 

5.4.4  Wake  Blockage  Gradient 

In  the  preceding  sections,  the  discussion  has  mainly  been  concerned  with  the 
calculation  of  the  effective  velocity  increment  at  the  model  position  caused  fay  the 
images  of  the  source  and  sink,  that  simulate  the  walls  of  the  tunnel.  This  velocity 
increment  varies  along  the  tunnel  axis,  and  hence  along  the  model  length,  but  the 
calculated  value  at  the  source  position  usually  represents  an  average  increment  over 
the  model  unless  this  is  very  long. 

Unlike  the  solid-blockage  velocity  increment,  the  wake-blockage  effect  is  not 
symmetrical  about  the  model  but  increases  continuously  from  nose  to  tail.  The  model 
is  therefore  subject  to  a  longitudinal  velocity  gradient.  This  buoyancy  effect  imposes 
a  drag  force  on  the  model  which,  since  it  would  be  absent  in  free  air,  must  be 
corrected  for.  The  method  of  doing  this  is  discussed  in  Section  5.8.2. 


5.5  BLOCKAGE  FACTOtS  IN  OPEN-JE*  TUNNELS 

5.5.1  Solid  Blockage  for  Models  Spanning 
the  monel 

For  an  open  jet  of  rectangular  shape  the  method  of  images  may  bo  used  to  represent 
the  model  and  the  jet  boundaries.  The  doublet  images  are  no  longer  of  the  sase  sign. 
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bat  alternate  with  distance  froa  the  aodel.  The  induced  velocity  is  therefore  smaller 
at  the  aodel  position  than  for  a  closed  tunnel  and  of  opposite  sign,  as  shown  by  the 
equation  (Refs.  5. 1,  5.2S) 


e 


a 


24\h  )  \  cj  2 


(5.61) 


where  \2  is  given  is  Figure  5.1.  In  magnitude  this  is  half  the  blockage  correction 
appropriate  to  &  closed  tunnel;  accordingly  the  equations  of  Section  5.2.1  aay  be 
aodified  siaply.  Equation  (5.0),  for  exaaple,  be  coses 
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-  0.262 


1  +  1.2fi 


A 
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(5.62) 


In  Reference  5.22.  Section  7.21.  Woods  has  considered  the  distribution  of  blockage 
factor  along  the  axis  of  an  open-jet  tunnel  due  to  the  presence  of  a  two-dimensional 
aerofoil.  At  the  centre  of  the  aodel  the  value  obtained  is  identical  to  that  given 
by  the  siaple  theories. 


the  blockage  effect  on  an  aerofoil  spanning  a  circular  jet  seeas  to  have  received 
little  consideration.  By  analogy  with  Equation  (5.62)  one  possible  assumption  is  that 
the  blockage  factor  is  half  that  of  the  corresponding  closed  tunnel,  and  of  opposite 
sign,  so  that  in  place  of  Equation  (5.34) 


£_  = 


(5.63) 


A  similar  assumption  nay  be  Bade  for  elliptical  working  sections. 


5.5.2  Three-Diaessiooal  Solid  Blockage 


The  boundary  conditions  for  a  small  aodel  at  the  centre  of  a  rectangular  free  jet 
may  be  represented  hy  a  doubly-infinite  set  of  images,  as  for  a  closed  tunnel.  As  in 
the  two-dimensional  case  the  signs  of  the  doublets  alternate,  this  time  in  rows  sad 
columns,  so  that  the  velocity  induced  at  the  model  position  is  smaller  than  if  the 
boundaries  were  closed.  Locks‘ 29  evaluated  the  blockage  factor  for  a  square  jet;  the 
equation  is  similar  to  (5.18)  above 
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(5.64) 


but  now  r  =  -6.238  compared  with  its  value  0.809  for  a  closed  square  section.  The 
magnitude  of  blockage  effect  in  a  square  open  jet  is  thus  only  about  0.29  of  that 
present  in  a  closed  tunnel.  In  terms  of  the  model  volume,  .ith  allowance  for 
compressibility  effects,  a  simple  equation  for  the  square  jet  tunnel  is 
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-  0.211 


(5.65) 
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The  general  case  of  a  rectangular  jet  has  only  recently  be  m  considered,  both  at 
the  NPL  and  by  Wuests*s?.  In  the  former  work,  values  of  r  were  evaluated  fro®  the 
double  summation  in  the  notation  of  Equation  (5. 18) 


r  = 


277 


3/2 


EZ 


(5.66) 


and  are  given,  together  with  T^jv'tFt)  in  the  following  table: 


b 

2.00 

1.80 

1.66t 

1.60 

1.40 

|  1.25 

1. 10 

1.0 

h 

0.50 

0.55, 

0.60 

0.62s 

C-7IU 

|  0.30 

0. 50, 

r 

-0. 461 

-0.397 

-0.357 

-0.339 

-0.  589 

|  -0.260 

-0.242 

-0. 238 

T 

-0.409 

-0.352 

-0.316 

-0. 300 

-0.256 

! 

j  -0.231 
? 

-0. 214 

-0.211 

The  results  are  plotted  in  Figure  5.13.  The  percentage  increase  in  the  tunnel-shape 
factor  in  the  range  1  <  b/h  <  2  is  such  larger  than  for  similar  closed  rectangular 
tunnels  (see  Figure  5.4),  bat  the  actual  change  in  value  ic  this  range  is  little 
different  for  the  two  types  of  boundary. 

Vilest  has  also  considered  the  effects  of  displacing  the  model  frea  the  tunnel 
centre  line. 


The  circular  open  jet  containing  a  stall  model  was  discussed  in  Lock's  original 
paper5* 39  and  led  to  similar  equation  to  that  for  the  closed  tunnel  but  with  a 
different  numerical  factor,  sad  of  opposite  sign. 


£ 


S 


-  0.206 


(5.6?) 


where  ,\3  is  given  in  Figure  5.2,  The  ratio  of  solid  blockage  in  open  and  closed 
circular  tunnels  is  therefore  "0,26,  a  value  close  to  that  for  square  tunnels.  A 
siwple  equation  in  tents  of  the  sfcreaa  Mach  maber,  tunnel  diameter,  and  model  voluae 
is 

/v\  1 

es  =  -  0.0333  (-J^.  (5.68) 


Cremer  and  Xolberg  (Rc-f.5.58;  1360)  have  considered  the  solid-blockage  effects  due 
to  a  body  of  revolution  placed  at  incidence  in  a  circular  open  jet.  General  expressions 
are  given  for  the  velocity  incresents  induced  in  the  vicinity  of  the  model  and  for  the 
deformation  of  the  streamlines.  These  expressions  are  very  complicated,  however,  and 
are  not  reedily  evaluated  without  mechanized  computation. 

Vandrey5*33  has  considered  the  solid-blockage  correction  for  long  Rankine  ovoids  in 
circular  opes  jets  and  obtains  an  analogous  expression  to  Equation  (5.39) 

€s(s)  =  [l(£,)  -  I(£2)3  ^  .  (5.69) 
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where  and  are  defined,  and  values  of  1(f)  listed,  in  Table  5.1.  It  is 

interesting  to  note  that  the  largest  value  of  es(x)  is  reached  at  the  centre  of  the 
body  only  if  the  body  length  is  less  than  6R  .  For  longer  bodies  eg(x)  is  larger 
near  the  ends  of  the  body  than  at  the  centre  and  on  a  seai-lnfinite  body  this  maximum 
is  achieved  at  a  distance  1.2R  downstreaa  from  the  nose  of  the  body  (Fig.  5. 9). 
Fuchsbuber  (Ref.  5. 59;  1961)  gives  a  complete  axi symmetrical  mathematical  solution  and 
has  evaluated  the  flow  along  the  boundary  of  the  jet.  For  body  lengths  greater  than 
about  1.5R  the  maximum  velocity  increment  is  obtained  at  two  positions  fore  and  aft 
of  the  centre;  these  maxima  sharpen  and  their  positions  approach  the  ends  of  the  body 
as  its  length  increases.  Because  of  the  difficulties  of  obtaining  long  stable  jets  it 
seesas  that  these  results  will  seldom  be  needed. 

Many  open-jet  tunnels  are  of  elliptical  cross-section  and  seme  simple  blockage 
correction  may  therefore  I>2  required.  In  the  absence  of  more  direct  information  it  is 
suggested  that  an  equation  of  the  form 

/j\3/2  v 

€s  =  (1R  +  0.029)  (-J  (5.70) 

may  be  used,  where  TR  is  that  for  a  rectangular  open  jet  of  breadtb/height  ratio 
equal  to  a/n  (Pig.  5. 13)  and  C  =  3-77*0  . 

5.5.3  Make  Blockage  Effects 

It  is  often  stated  that  wake  interference  effects  are  zero  in  open-jet  tunnels, 
but  this  is  true  only  in  a  restricted  seise.  If  the  model  wake  is  represented  'ey  a 
Source,  the  effect  of  the  tunnel  boundaries  may  be  simulated  by  an  array  of  images 
alternating  in  sign  with  the  original.  The  velocity  increment  associated  with  the 
wake  blockage  due  to  the  presence  of  these  images  is  zero,  because  the  alternately 
positive  and  negative  infinite  sets  of  images  produce  zero  velocity  increment  at  the 
model  position  and  at  infinity  downstreaa  or  upstream.  The  velocity  gradient  along 
the  model  length  is  not  zero,  however,  and  is  opposite  in  sign  to,  and  smaller  than, 
that  in  the  corresponding  closed  tunnel.  Thus  for  a  small  model  one  may  conclude  that 

=  0  ,  but  for  a  long  model  a  distribution  of  £,  corresponding  to  the  velocity 
gradient,  will  exist.  A  correction  must  therefore  be  applied  to  the  measured  drag  to 
allow  for  the  wall -induced  horizontal  buoyancy.  This  is  discussed  in  Section  5.8.2. 

The  distribution  of  the  wake-blockage  factor  along  the  chord  of  a  two-dimensional 
aerofoil  spanning  a  two-dimensional  open  jet  is  discussed  hy  foods  in  Section  7.21  of 
Reference  5.22.  At  the  aid-chord  position  the  blockage  factor  becomes  zero,  though 
the  gradient  is  f inice. 


5.6  ESTIMATION  OF  BLOCKAGE  FROM  WALL 
MEASUREMENTS 

In  che  preceding  sections  we  have  been  concerned  with  the  calculation  of  the  blockage 
effects  from  the  geometry  of  the  model  and  tunnel,  and  from  th&  state  of  the  tunnel 
stream.  The  existing  theory  may  also  be  used  to  estimate  the  incremental  blockage 
velocities  anywhere  within  the  working  section,  for  example,  at  the  tunnel-speed  hole. 
The  changes  in  stream  velocity  induced  by  the  model  and  wake  and  their  images  ra&y  also 
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be  calculated  &t  the  tunnel  wall  immediately  opposite,  say,  the  midpoint  of  the  model. 
The  ratio  (Z)  of  the  velocity  induced  at  the  model  position  by  the  images  alone,  to 
11'}  total  induced  velocity  at  this  vail  position  is  important,  since,  if  this  is  known 
on  theoretical  grounds,  the  blockage  of  the  model  aay  be  found  very  siaply  froa  ceasure- 
aents  at  the  vail.  An  approach  of  this  kind  is  therefore  cost  valuable  and  has  special 
advantages.  It  is  of  course  of  greatest  application  to  tunnels  having  closed  boundaries 
and  these  will  be  sainly  considered  in  relation  to  two-dinensional  (Section  5  6. 1)  and 
three-diaensional  (Section  5.6.2)  models. 

In  discussing  the  aethods  of  estiaating  blockage  fros  veil  eeasuresents  it  will  be 
assueed  that  the  aodel  is  at  zero  lift.  If  this  is  not  the  case,  the  lift  effect  on 
the  wall  pressures  must  be  removed  by  averaging  the  pressures  obtained  above  and  below 
the  aodel. 


5.®.  1  Tvo-Diaeosiooal  Aerofoil 


For  a  small  aerofoil  placed  at  the  centre  of  a  closed  rectangular  tunnel  the  solid- 
blockage  velocity  increment  at  the  vail  iasediately  above  or  below  a  non-lifting  aodel 
is  about  1.78®  times  that  at  the  aodel  position.  The  velocity  increment  at  the  wall 
deduced  froa  pressure  measurements  will,  hovever,  include  the  increase  in  velocity  due 
to  the  aodel  itself,  as  well  &'■  that  due  to  the  images.  The  velocity  ratio  (Z3)  for 
this  case  is  exactly  1/3;  that  is  to  say.  the*  solid-bleckage  factor  at  the  aodel  will 
be  given  by 


Zs  = 


Ue. 


(u  -  U)B 


ax 


(5.71) 


where  (u  -  0)Qal  is  the  maximum  supervelocity  at  the  tunnel  wall  opposite  the  aodel 
and  aay  be  estimated  from  the  wall  pressure  distribution. 


The  value  of  Zg  is  unaffected  hy  compressibility  of  the  tunnel  stream  (Rsfs.5.4, 

5. 25).  but  at  high  Mach  numbers  the  velocity  peak  on  the  wall  tends  to  move  downstream 
fro*  a  position  opposite  the  aarlnaa  thickness  of  the  model.  For  large  models  Zg  aay 
fall  below  1/3;  Wocds5'®  has  considered  the  relation  between  the  distribution  of  eg 
along  the  model  and  the  velocity  increments  along  the  wall. 


As  the  distance  upstreas  or  doenstreas  of  the  model  increases,  the  supervelocity  at 
the  wall  due  to  the  solid  blockago  becomes  snail er  and  finally  vanishes.  At  infinity 
downstream,  hovever,  a  velocity  increment  will  be  recorded  which  is  due  entirely  to  the 
wake  blockage  and  is  found  to  be  twice  .  If  (u  -  0)^,  is  estimated  from  the  wall 
pressures  well  downstream,  then 


JifE_  -  1 

(u  -  0)*  2 


(5.72) 


♦  Thee5'*  diacusaea  the  variation  serosa  the  tunnel  and  lire*  this  ratio  as  3(i»J-4)/«2  . 
See  also  Reference  5.  f-4. 
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Goldstein5*7  gives  a  general  expression  for  the  velocity  at  the  sail  in  incompressible 
flow 


GL 


1  +  —  sech*X  + 

2  bJ 


K0 


C„El  +  tanhX)  . 


(5.73) 


■here 


X  = 


TT(X  -  i=) 


In  terns  of  the  solid  and  rake  blockage  factors  this  expression  be  cores 


/•all 


=  1  4-  (3  sech*X)^  +  (1  +  tanhX)e„ 


(5.74) 


thps  enabling  the  solid  and  *ake  blrc-kage  tc  be  estiaated  fro*  xeasureaents  aade  at  any 
two  stations;  one  of  these  should  preferably  be  close  to  the  nodel  and  one  downstream. 
Because  tanh  X  rapidly  approaches  iCs  asyaptotic  value  as  x  increases,  whilst 
secb2X  decreases,  the  latter  station  need  not  be  further  doaostreaa  than  about  1.5 
tunnel  heights  in  order  to  nske  an  accurate  estiaate  of  .  This  is  of  great  con¬ 


venience  in  view  of  the  limited  length  of  tunnel  working  sections, 
contribution  at  this  position  will  be  less  than  IS  of  the  total. 


The  solid-blockage 


The  values  of  Zs  and  25..  for  an  aerofoil  spanning  a  circular  tunnel  have  only 
been  discussed  in  a  liaitcd  Banner5' 3 5;  it  seeas  likely  that  the  methods  of 
Reference  5.27  could  be  extended  to  cover  thin  case. 

5.6.2  Tfaree-Diaensiocai  Models 

For  a  rectangular  tunnel  containing  a  three-dimensional  wodel  avail  enough  to  be 
repres sited  by  a  doublet,  the  value  of  n3  is  different  oc  the  roof  and  side-walls, 
unless  the  tunnel  cross-sectior.  is  square.  In  an  early  paper  Tboa5'*  showed  that  2^ 
was  respectively  0.28  and  0.56  for  the  to of  and  side-walls  of  a  tunnel  with  b/h  =  1.43 . 
Aen  the  model  was  represented  by  a  sisple  doublet.  For  a  wing  composed  of  line  sources 
and  sinks,  whose  span  is  9.6  of  tee  tunnel  breadth,  these  values  becoae  0.36  and  0.33. 

A  body  of  revolution  in  a  square  tunnel  gives  2^  =  0.4?,;  in  a  circular  tunnel  Z%  -  0.45 
(Ref.  5. 30). 


Thor’ s  work  for  a  rectangular  tunnel  was  later  extended  fay  Basel  (Ref.  5. 40;  1951). 
who  represented  a  finite-span  wisg  fay  a  distribution  of  line  sources  and  sinks,  and  a 
body  of  revolution  by  a  distribution  of  point  sources  and  sinks.  The  finite  swept  wing 
however  pres  arts  certain  analytical  difficulties,  and  discrete  doublets  were  used  -a 
this  ccse.  {teasers  aetbod  is  quite  ger. oral  and  can  be  applied  to  any  closed  rectangular 
tunnel.  The  newer! cal  computation  is  nowever  explicated,  and  in  Reference  5.40  results 
are  given  only  for  b/h  =  vT .  The  effect  of  sreep  on  Zs  for  both  the  side-trails  and 
roof  is  shewn  in  Figures  5. 14(a)  and  (i>5.  Although  Z,  is  larger  for  swept  than  ior 
unswept  wings,  it  should  be  reaeabered  that  the  actual  wall  velocity  increments  are 
saaller  in  the  latter  case,  so  that  the  trend  in  Z,  with  sweep  is  not  necessarily  that 
of  es  .  Ttos  value  of  Zg  at  the  roof  for  an  unswept  finite  wing  alacst  completely 
spanning  the  tunnel  exceeds  that  for  a  two-dissnsional  wing.  A  siailar  effect  occurs 
in  the  direct  calculation  of  the  solid  blockage  (see  footnote  in  Section  5.2.3). 


For  compressible  flow  Hecsel  recommends  the  use  of  an  equivalent  sweep  angle 
related  to  the  geometric  sweep  angle  A  hr 

yS  tan  Ae  =  taa  A  ;  (5.75) 

Ae  can  then  be  used  in  the  charts  or  equations  of  Reference  5. 40. 

Hensel's  analysis  assumes  that  the  body  length  or  wing  cfaoni  is  small  compared  with 
the  tunnel  dimensions..  This  will  often  be  the  case  for  models  tested  in  high-speed 
wind  tunnels-  Exceptionally  long  bodies  of  resolution  may  be  investigated  and  then 
the  method  developed  by  Evans5 • 25  seems  preferable.,  though  the  calculations  and  experi¬ 
ments  described  in  the  reference  are  primarily  concerned  with  a  tunnel  where  b/h  =  1.43. 
Evans  shows  that  Z%  is  not  constant  for  large  models  but  depends  on  the  length  of  the 
model  sad  the  Mach  number  of  the  stream. 

Hrasel  points  out  that,  for  larger  wings,  the  velocity  ratio  should  be  related  to 
the  mean  blockage  increment  over  «he  wing  span  and  not  to  a  local  value  on  the  centre 
section.  This  Mac  is  comparatively  easy  to  calculate  for  a  straight  wing,  hat  for  a 
sweptback  planform  each  spsnwise  position  lies  in  a  different  longitudinal  position 
and  this  complicates  the  analysis.  The  effect  of  wing  taper  on  both  swept  and  unswept 
wings  cannot  readily  he  obtained  by  Hensel’s  approach,  though  he  suggests  that  the 
effects  of  ignoring  both  wing  taper  and  spanwise  variation  of  Z#  tod  to  cancel  each 
other.  Evans  considers  that  any  wing,  unless  of  most  unorthodox  shape,  may  be  repre¬ 
sented  by  a  aon-tapered  swept  wing  of  equal  volume,  mean  angle  of  sweep  and  thickness/ 
chord  ratio,  bat  with  a  span  2/3 kz.  Mere  ks  is  the  radius  of  gyration  of  the 
original  wing  about  the  x  axis.  Slender  delta  wings  are  best  replaced  by  an 
equivalent  body  ot  revolution. 

Evans  also  suggests  an  allowance  for  the  effect  of  small  supersonic  flow  regions 
adjacent  to  tho  model  surface,  an  effect  likely  to  be  present  at  high  subsonic  stream 
speeds.  This  aspect  is  briefly  discussed  in  Section  5.8.2.  In  general  Reference  5.25 
shows  that  very  good  agreement  may  be  obtained  between  the  calculated  and  observed  wall 
pressures,  and  that  the  latter  may  be  used  reliably  to  estimate  toe  solid-blockage 
factor. 

The  vake-blocksge  factor  for  small  three-dimensional  models  may  be  found  free  the 
velocity  increments  far  downstream  in  the  same  way  ss  for  a  two-dimensional  aerofoil  by 
Equation  (5.72). 

The  velocity-ratio  method  of  obtaining  blockage  factors  for  models  it*  circular  closed 
tunnels  has  been  discussed  by  GBthert5'30  and  Schmits5*36.  As  was  mentioned  earlier, 
the  value  of  Z%  for  a  small  wing  or  body  i»  9.45,  which  is  close  to  the  value  for  a 
square  tunnel.  .For  an  unswept  wing  *ose  spaa  is  equal  to  the  tunnel  radius,  Z% 
equals  0. 50. 

References  5.38  and  5.59  both  consider  the  case  of  an  open-jet  tunnel  containing  a 
body  or  revolution,  though  it  seems  unlikely  that  the  velocity-ratio  method  will  be 
used  to  find  the  solid-blockage  factor  in  this  type  of  tunnel. 
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5.7  BLOCKAGE  CORRECTIONS  AT  VERY  HIGH  SUBSONIC 
SPEEDS  IN  CLOSED  TUNNELS 

The  effects  of  cs^iressibility  have  been  allowed  for  in  the  earlier  sections  by 
scans  of  a  ssall  perturbation  theory  which  essentially  becomes  less  valid  as  flow 
Mach  numbers  approach  unity.  This  aeans  that  the  compressibility  factors  become 
unreliable  as  the  tunnel  Bach  number  reaches  high  subsonic  values.  Moreover,  in  such 
flows,  supersonic  velocities  say  be  reached  locally  about  the  aodel  and  the  associated 
shock  waves  violate  the  assosptios  that  the  flow  is  everywhere  isen tropic.  Unfortunately 
it  is  just  in  this  region  of  stress  Mach  nuabrr  that  the  aodel  characteristics  shor 
the  greatest  sensitivity  asd  a  precise  value  of  equivalent  free-air  Mach  nuaber  (and 
hence  of  the  appropriate  blockage  correction)  is  important.  The  segnitude  of  the 
blockage  corrections  will  in  any  cose  be  larger  than  at  lower  streaa  Mach  numbers 
because  cf  the  fora  of  the  sieple  compressibility  factors  (Fig.  5. 12),  and  also  because 
the  aodel  drag  used  in  the  wake-blockage  correction  factor  way  increase  very  rapidly 
with  M  ,  The  highest  Mach  number  obtainable  in  a  closed-wall  tunnel  is  that  achieved 
when  the  tunnel  chokes:  no  additional  mass  flow  esn  then  be  passed  through  the  working 
section  by  increasing  the  fan  speed  or  tunnel  power.  The  exact  value  of  the  choking 
Mach  number  depends  on  the  gecsetry  of  the  aodel  and  the  tunnel,  bet  a  staple  one- 
dirensional  consideration  often  gives  a  useful  guide  to  this  Halting  speed  (see 
Reference  5.56.  for  exaaplc). 

The  presence  of  a  aaxiaua  Mach  nuaber,  the  clash  between  the  increasing  magnitude 
aad  importance  of  the  blockage  corrections  and  the  uncertainties  inherent  in  their 
determination,  led  to  the  development  of  wind  tunnels  having  slotted  or  perforated 
walls.  The  choking  effect  mas  completely  over case  and  the  blockage  effects  could  be 
considerably  reduced  (see  Chapter  VI).  The  success  of  these  ventilated  working 
sections  has  been  such  j»  to  reduce  the  demand  for  aare  accurate  blockage  corrections 
at  high  subsonic  speeus.  Nevertheless  such  corrections  will  be  required  occasionally, 
and  a  short  discussion  of  some  available  techniques  is  justified. 

3.7.1  Modification  cf  Simple  Ccapressibility  Theory 

Experimental  evidence  suggests  that  by  using  the  simple  compressibility  factors 
gives  by  small  perturbation  theory  the  true  compressibility  effect  on  blockage  is 
frequently  underestimated;  some  modification  of  the  factors  aay  therefore  be  con¬ 
sidered.  or  alternatively  a  sew  theoretical  approach  attested.  Blockage  corrections 
applicable  near  the  choking  condition  have  been  put  forward  by  Thom  asd  Jones  (Ref.  5. 18; 
1947:  Ref.  5.41;  1946);  a  noticeable  feature  is  a  sew  term  in  the  solid-blockage  relation 
proportional  to  fi~s  .  This  method  is  not  easy  to  apply  in  general,  sod  perhaps  the 
aost  valuable  and  siaple  suggestion  was  aade  by  Evans* ,2S:  that  the  corrected  Mach 
cumber  should  be  used  in  calculating  the  factors  /S'2  and  /S-5  of  the  simple  theory. 
This  implies,  of  course,  that  the  final  value  of  the  corrected  strew  Mach  nuaber  is 
reached  by  successive  approx.satiocs;  usually  two  or  three  iterations  sre  sufficient. 
This  technique  is  amply  justified  hy  the  experimental  evidence  of  Evans's  paper,  which 
considers  both  the  calculated  blockage  and  the  use  of  the  wall -velocity  increments. 
Examples  illustrating  agreement  between  theory  and  experiment  are  given  in  Figure  5.15. 

Drougge  (Ref. 5. 14;  1951)  has  developed  an  approximation  (due  to  Oematitsch  sad 
valid  near  M  =  l)  useful  for  analysing  the  transonic  flow  past  an  aerofoil,  aad  fn* 
which  a  transonic  similarity  law  relating  the  aerofoil  pressure  drag  aad  a  free-strewn 


Mach  number  (M*)  based  on  the  critical  Telocity  cf  sound  (a*)  may  be  deriTed.  Droagge 
suggests  that  this  la*  as?  be  applied  to  the  blockage  problem  at  high  transonic  speeds, 
if  testa  results  are  available  oa  t*o  siailar  novels  of  different  sizes.  An  extra¬ 
polation  to  zero  sodel  size*  valid  at  transonic  speeds  aay  then  be  asde. 


5.7.1  It&fomi;  of  7<ocal  Supersonic  pie* 


The  presence  of  regions  of  local  supersonic  flo*  on  the  aodel  further  complicates 
the  problem  of  blockage  corrections  at  high  subsonic  speeds.  Thompson5*6  considers 
that  potential  theory  can  still  be  used  to  calculate  the  velocity  increment  at  the 
model  position  due  to  blockage  from  an  array  of  siaple  doublet  iaages,  bat  that  the 
theory  is  no  longer  valid  for  finding  the  strength  of  the  equivalent  doublet  for  the 
oodel.  This  suggests  that  the  effect  aay  be  simulated  hy  as  increase  in  the  effective 
volume  of  the  aodel  in  the  solid-blockage  equations.  Evans5' 25  in  fact  argues  that 
the  influence  of  the  supersonic  regions  on  the  induced  velocity  at  seme  distant  point 
is  similar  to  that  produced  by  a  local  bulge  on  the  aodel  surface.  The  extra  voluae 
aay  be  related  roughly  to  the  increase  in  drag  coefficient  (SCq)  that  occurs  after  the 
drag  rise  has  begun.  From  an  analysis  of  experimental  results  on  three  unsvept  wings 
in  the  RAE  10  ft  x  7  ft  High  Speed  TUnael,  Evans  deduced  an  equation  for  high  subsonic 
speeds  which  say  be  rewritten,  in  a  form  analogous  to  Equation  (5.29)  above, 
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were  pc  =  (1  -  tf£)x  corresponds  to  the  corrected  Mach  number  Mc  .  7be  actual  value 
of  the  numerical  factor  in  the  last  ten  is  rather  uncertain  and  is  best  determined 
directly  for  each  tunnel  and  class  of  model.  Slender  bodies  of  revolution  develop 
extensive  supersonic  flo*  fields  only  at  test  Mach  noabers  close  to  the  choking  con¬ 
dition  and  for  this  limited  speed  range  an  equation  similar  to  Equation  (5.23)  above, 
but  with  >SC  in  place  of  B  .  is  probably  sufficient. 


The  growth  of  the  supersonic  region  and  the  lateral  extension  of  shock  saves  will 
widen  the  wake  behind  the  body,  thus  increasing  the  wake-blockade  effect.  The  usual 
wake-blockage  equations  contain  the  sodel  drag,  which  increases  rapidly  with  stream 
Each  number  in  this  region,  bat  in  certain  cases  they  may  seriously  underestimate 
the  true  wake  blockage5**2.  The  wall  pressure  downstream  of  the  sodel  is  then  more 
reliable.  If  the  theoretical  wake-blockage  equations  are  used,  the  corrected  value 
of  tbe  stream  Mach  number  should  be  used  in  the  compressibility  factor. 


The  use  of  the  wall-velocity  increments  to  deduce  solid  and  wake  blockage  is  very 
valuable  at  these  high  subsonic  speeds,  because,  though  small  perturbation  theory  say 
no  longer  apply  at  the  model,  it  may  still  be  valid  at  some  distance  away.  GBthert5*35 
indeed  considers  that  the  velocity-ratio  method  say  be  employed  up  to  the  choking  speed 
of  the  tunnel  for  this  very  reason. 


*  Droagga  alas  considers  tbe  mure  siaple  esse  of  extrapolation  to  zero  aodel  size  at  soderste 
sabsoDin  Each  natters.  The  technique  has  also  bees  discussed  by  Acker et,  Degen  and  Rott 
(Sef.3.43;  1850)  for  both  straight  and  swept  wings,  and  hr  Petersobn  (Ref.  5. 50;  1948)  for 
two-diaessicsal  wodels  spanning  a  circular  tunnel. 
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8.8  USE  OF  BLOCKAGE  FACTOES  IN  C0BRECTIN6 
MEASURED  QUANTITIES 


Se  have.  so  far  been  concerned  with  the  estiaation  of  the  blockade  factors  £g  and 
ev  associated  with  the  presence  of  the  aodel  and  its  wake  within  the  tunnel.  It  is 
now  necessary  to  consider  bow  these  factors  are  need  to  correct  the  Manured  quantities. 
Once  mare  it  is  assueed  that  the  aodel  is  stall  enough  for  the  blockage  effects  to  be 
additive;  in  addition  the  streaa  Mach  cuaber  rust  not  be  so  high  as  to  invalidate  the 
siwple  linear-perturbation  theory. 

The  quantities  to  be  corrected  fall  conveniently  into  two  aain  groups;  those,  such 

as  velocity  and  density,  associated  with  the  working  fluid  (Section  5.8.1).  and  the 

forces^  woaents  and  surface  pressures  measured  on  the  aodel  (Section  5.8.2). 

% 

5.8.1  Corrections  to  Streaa  Qaaatities 

It  is  one  of  the  iaportent  assumptions  of  blockage  theory  that  the  aodel  behaves 
within  the  tunnel  as  it  would  in  free  air  at  soee  speed  slightly  different  from  the 
noainal  tunnel  velocity.  It  is  the  purpose  of  the  theory  to  establish  aeacs  of 
estiaating  the  necessary  increaent  Aur  riiich  must  be  applied  to  the  tunnel  velocity 
U  .  The  latter  is  of  course  that  appropriate  to  the  aodel  position  in  the  eapty  tunnel 
and  aust  itself  contain  any  corrections  required  hr  the  tunnel  calibration.  Thus  the 
corrected  streaa  velocity  is  given  by 


Uc  =  U  +  AUa  . 

In  tens  of  the  solid  and  wake  blockage  factors  this  becomes 


(5.77) 


Uc  =  (1  +  ss  -5-  e„>0 


(5.78) 


Usually,  however,  the  tunnel  speed  is  deternined  from  the  pressure  at  some  reference  2 

hole  on  the  tunnel  wall  upstreas  of  the  aodel  position.  In  soae  cases  this  pressure  } 

way  itself  be  influenced  by  the  presence  of  the  aodel,  so  that  the  undisturbed  free-  | 

streaa  velocity  will  be  unknown;  the  effects  of  both  the  aodel  lift  and  the  blockage  4 

aast  then  be  considered.  The  influence  of  the  lift  can,  in  principle,  be  reaored  by  '= 

averaging  the  pressures  on  the  top  and  bottos  walls  of  the  tunnel,  or  its  aagnitede  t 

aay  be  calculated  by  replacing  the  aodel  by  a  vortex  of  the  appropriate  strength.  3. 

The  sclid-blockage  influence  on  the  tunnel-speed  hole  has  been  considered  hr  * 

Goldstein5*7  and  Thoa5 ' *  aaoegst  others.  The  latter  shows  that,  for  a  saall  two- 
dimensional  wing  at  zero  lift  in  free  air,  a  saall  negative  velocity  would  be  induced  ^ 

at  positions  ahead  of  the  wing  and  the  magnitude  of  this  perturbation  decreases  with  v 

distance  froa  the  wing,  then  the  aodel  is  in  a  tunnel  with  closed  rectangular  Tj 

boundaries  the  effect  is  counterbalanced  by  the  influence  of  the  images  which  induce  cl 

a  saall  positive  velocity.  Ahead  of  about  1.5  tunnel  heights  froa  the  aodel  centre  H 

the  two  effects  alaost  cancel  out.  and  a  wall  hole  upstream  of  this  position  should 
siailarly  indicate  a  velocity  very  close  to  tb6  postulated  undisturbed  free -streaa 
value  U  .  Goldstein  shows  that  the  effect  of  the  wake  blockage  is  negligible  beyond 
about  one  tunnel  height  upstreaa  of  the  aodel. 

Scfcaitzs’36  has  also  cccsidered  the  corrections  required  in  a  rectangular  tunnel, 
and  his  results  are  in  general  agreeaent  with  earlier  authors.  In  addition,  he 
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discusses  the  closed  circular  tunnel  containing  a  body  of  revolution  and  shows  that 
the  correction  is  very  saall  at  aore  than  one  tunnel  diameter  ahead  of  the  aodel. 
Open-jet  tunnels  of  rectangular  and  circular  cross-section  are  considered  in 
References  5.36  and  5.59  and  it  is  interesting  to  note  that  in  these  cases  the  velocity 
increments  induced  at  a  position  on  the  edge  of  the  jet  corresponding  to  the  tunnel- 
speed  hole  in  a  closed  tunnel  say  be  positive  and  thns  of  opposite  sign  to  that  induced 
at  the  aodel  position.  This  effect  is  probably  of  little  practical  iaportance,  since 
the  streaa  velocity  in  open-jet  tunnels  is  often  determined  from  readings  of  wall 
pressure  within  the  nozzle,  a  calibration  having  been  made  with  the  tunnel  empty. 

If.  however,  a  direct  Measurement  of  tunnel  velocity  is  aade  in  the  streaa  ahead  of 
the  aodel,  then  this  asy  be  subject  to  blockage  interference. 

For  compressible  flow  the  streaa  velocity  is  of  rather  less  iaportance  than  the 
streaa  Mach  number  li  .  The  correction  to  M  can  be  obtained  very  simply  by  differ¬ 
entiating  the  adiabatic  isentropic  flow  equations.  For  y  -  1.4  the  correction  to 
the  nominal  Mach  number  is  given  by 

AM  =  (1  +  0.at2)M£B  .  (5.79) 


Then 


Mc  =  M  +  AM.  (5.80) 

where  AN  takes  the  sign  of  €R  ,  which  is  positive  for  closed  tunnels  and  negative 
for  open  tunnels. 

Once  the  blockage  factors  are  known,  corrections  may  also  be  made  to  the  streaa 
static  pressure  (p),  density  (p)  and  static  temperature  (6)  on  the  assumption  that  the 
flow  is  isentrcpic  and  adiabatic.  For  y  =  1.4  . 

APa,  =  -  l-«2P0eB  .  (5.81) 

Ap  =  -  M2peB  .  (5.82) 

A9  =  -0.«z9Sg.  (5.83) 

In  incompressible  flow.  Equation  (5  81)  will  be  replaced  fay 

Ap»  r  _  p02eB  .  (5.84) 

It  follows  that  the  correction  to  the  streaa  kinetic  pressure  is  given  by 

A(ipU2)  =  (2  -  M2)(t/3Cj)€b  .  (5.85) 

The  test  Reynolds  number  (Rg)  is  also  aodified  by  the  blockage  effects.  Usually  such 
changes  can  be  ignored,  but  a  correction  may  be  calculated  from  a  knowledge  of  the 
changes  in  stream  velocity,  density  and  tesperature.  If  a  suitable,  but  simple, 
relationship  between  fluid  viscosity  and  tesperature  is  used,  a  siaple  correction 
equation  may  be  obtained.  For  example,  if  it  is  assumed  that  the  viscosity  is 
proportion  to  93/,*  .  then 


ARg  =  (1  -  0.7M2)Rg£B  . 


(5.86) 
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5.8.2  Corrections  to  Model  Quantities 


The  lift  interference  discussed  in  Chapters  II  and  XII  gives  rise  to  corrections  to 
the  Measured  aodel  incidence,  forces  and  soaents,  but  not  to  the  stress  velocity  at  the 
sodel  position  unless  this  is  off  the  tunnel  centre  line,  the  correction  to  the  streaa 
velocity,  because  of  the  solid  and  wake  blockage  effects,  has  already  been  discussed, 
together  with  the  change  in  streax  kinetic  pressure.  In  foraicg  the  non-disensional 
coefficients  fro*  the  Measured  forces  and  sosents,  use  can  be  aade  directly  of  the 
corrected  kinetic  pressure;  the  resulting  coefficients  will  then  be  corrected  for 
blockage  effects.  Alternatively,  it  is  soeetiees  convenient  to  for*  these  coefficients 
using  the  uncorrected  values  of  streaa  density  and  velocity  and  then  to  apply  a 


correction  to  the  coefficient  itself.  Thus  if 
coefficient,  the  corrected  value  will  be 


C.  is  a  typical  non-diaensional 


CA  + ACa  =  CA£l  -  (2-^)6^ 


{5. 87) 


if  squares  of  saall  quantities  are  neglected.  Equation  (5.87)  is  obtained  by  using 
Equation  (5.85)  above  and  *ay  be  applied  to  any  measured  force  or  aoaent  coefficient, 
provided  due  regard  is  paid  to  the  restrictions  implicit  in  the  derivation  of  e„  . 


An  extra  correction  is  required  to  the  drag  coefficient,  because,  as  was  nentioned 
in  Sections  5.4.4  and  5.5.3,  the  iaages  of  the  source  representing  the  wane  impost  a 
longitudinal  pressure  gradient  along  the  tunnel  and  hence  a  longitudinal  buoyancy 
force  on  the  aodel.  The  measured  drag  is  higher  than  the  free-air  value  in  a  closed 
tunnel,  and  lower  in  an  open  tunnel.  The  pressure  gradient  say  conveniently  be  regarded 
as  linear  along  the  length  cf  the  sodel.  The  buoyancy  force  Df  nay  then  be  taken  as 
the  product  of  the  pressure  gradient  and  the  effective  volute  of  the  sodel  Vg  ,  where 
this  is  the  sus  of  the  actual  voluse  and  a  virtual  vcluse  VT  corresponding  to  the 
virtual  eass  of  the  body  in  the  accelerated  flow  along  the  tunnel  axis.  Thus 


+  V 


(5.88) 


Now  VY  say  be  related  to  the  shape  parameter  k2  or  k3  and  to  the  doublet  strength 
P  representing  the  potential  flow  past  the  body  (see  References  5.1.  5.23,  for  exasple). 
Thus  for  a  slender  body  of  revolution  in  incompressible  f~- 


P  =  V20  =  r77\3t3u  • 

On  the  basis  of  linear  theory  the  pressure  gradient  say  be  written  as 


( dp\  30. 

(d  =  -^37  =  -'c 


*!fw 

3x 


(5.S9) 


(5.90) 


't* 


If  A0S  denotes  the  solid-blockage  effect  of  a  doublet  of  strength  P  ,  then  the 
gradient  (3/3x)  (ew0)  due  to  a  source  ef  strength  Q  is  precisely  Q(ADg)/P 
(References  5.3?  and  5.38).  Moreover  the  source  strength  used  is  the  wske- blockage 
analysis  is  equal  to  D/pO  .  Thus 


<*>\ 


■  to/* 


0G€. 


I  =  - 


(5.91) 


With  the  substitution  of  V'e  and  (dp/dx)  from  Equations  (5.89)  and  (5.91).  Equation 
(5.88)  gives  a  staple  expression  for  --Dg  ,  which  can  be  rewritten  non-dimensionally 
as  a  correction  to  drag  coefficient 

(AcD)g  =  -CDes  .  (5.92) 

This  equation  is  independent  of  corrections  to  the  kinetic  pressure  if  second-order 
tens  in  es  are  neglected.  Goldstein5, 7  derives  a  more  complex  relation  for  the 
fake-buoyancy  correction  in  incompressible  flor,  but  shows  that  Equation  (5.92)  is 
valid  if  the  square  of  the  drag  coefficient  is  saall  enough  to  be  neglected. 

The  influence  of  coapressibility  cm  the  wake  buoyancy  correction  has  sometimes 
caused  difficulty.  Equation  (5.88)  is  unaffected  by  sisple  cospressibil ity  theory, 
and  soee  authors  have  argued  that  no  coapressibility  factor  is  reqc'red  in  Equation 
(5.91)  other  than  that  inherent  is  es  it3elf.  Others5*3,5,23  consider  that  a 
coapressibility  correction  to  the  source  strength  should  be  included,  as  in  Equation 
(5.49),  so  that  in  place  of  Equation  (5.92) 

(ACB)g  =  -  Cp(l  +  0.4M2)£s  .  (5.93) 

Ludwieg5,37.  soreovar.  points  out  that  the  virtual  volume  is  also  modified  slightly 
hy  coapressibility  and  Herriot5,23  considers  it  worthwhile  allowing  for  this  in  the 
drag  correction.  For  most  wind  t-unneis  and  models  this  particular  effect  will  be 
saall  even  at  high  Mach  numbers. 

The  sign  of  the  buoyancy  force  follows  that  of  es  and  hence  Is  different  in  open 
and  closed  tunnels.  For  a  two-dimensional  rectangular  section  the  magnitude  of  the 
open-jet  correction  is  half  that  of  the  closed  funnel:  for  three-dimensional  models 
this  ratio  is  about  one-quarter. 

The  fall  correction  to  the  measured  drag  coefficient  is  obtained  by  combining  tbe 
corrections  obtained  in  Equations  (5.37)  and  (5.92)  or  (5.93).  Thus,  in  two-dimensional 
flow,  either 

AC0  =  -  [es  +  (2-M2)£B}C„  (5.94) 

* 

cr 

ACD  =  -  [(1  +  0.4M2)5S  +  (2-M2)eB]CD  .  (5.95) 

In  three  dimensions  CD  is  replaced  hy  C0o  in  Equations  (5.92)  and  (5.93)  and  there 
is  corresponding  adjustment  to  sne  first  terms  in  Equations  (5.94)  and  (5.95). 

Allen  and  Vincecti5,3  remark  tiu'.t  it  is  not  at  once  apparent  that  these  equations 
apply  to  drag  coefficients  determined  hy  the  wake-traverse  method5, ,6  and,  after 
discussing  the  matter,  they  suggest  that,  for  normal -sized  aerofoil  models,  the  error 
in  using  Equation  (5.95)  is  about  the  same  order  a.  tbe  experimental  error.  This  view 
has  sometimes  been  questioned.  The  matter  is  extremely  complex  and  each  tern  in  the 
formulae  used  in  calculating  the  aerofoil  drag  from  the  experimental  data  needs  to  be 
considered  with  great  care.  Moreover  the  physical  significance  of  the  formula  must 
be  clear;  for  example  the  final  calculated  drag  need  eot  be  the  force  actually 
experienced  hy  the  model  in  the  tunnel,  and  the  final  drag  coefficient  may  be  obtained 
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in  a  war  which  allows  for  soee  wall-interference  effects.  In  the  opinion  of  the 
present  author  no  wake-buoyancy  correction  should  be  applied  to  a  drag  coefficient 
obtained  fro*  wake-traverse  aeasuresents  if  these  are  reduced  in  the  usual  way. 

The  pressure  coefficient  Cp  on  the  body  will  also  require  correction  because  of 
changes  in  both  the  static  and  kinetic  pressures  of  the  tunnel  stress.  The  requisite 
correction  nay  be  written  as 

Ac  = 

p  ipo2  +  A(^dz) 


=  [2  -  (2-M2)Cp3ea 


(5.96) 


Such  as  expression  assuaes  that  the  observed  pressures  are  those  wMch  would  be  obtained 
in  the  corrected  free-air  conditions.  That  is  to  say.  the  use  of  Equation  (5.96)  is 
equivalent  to  the  use  of  Equations  (5.81)  and  (5.84)  before  the  pressure  is  non- 
diaensionalized.  The  actual  distortion  of  the  pressure  distribution  about  the  body 
because  of  buoyancy  effects  and  other  higher-order  well  correction?  cannot  be  obtained 
in  this  Banner.  Methods  such  as  the  confoiaal  sapping  of  References  5. 15  and  5,  16  or 
the  higher-order  calculations  of  Goldstein5*7  *nst  be  used.  Provided  that  the  aodel  is 
not  too  large,  the  stress  Mach  nuaber  is  not  near  unity  and  the  aodel  incidence  is 
Moderate.  theE  the  distortion  will  be  sa&li. 


5.9  SUMMARY  OP  PRINCIPAL  BLOCKAGE  FORMULAE 


It  is  convenient  to  list  together  the  siaple  formulae  which  say  be  west  frequently 
required  in  calculating  the  blockage  effects  and  which  sees  aost  satisfactory  in  use. 
Cnly  those  which  give  explicit  answers  Rill  be  presented;  for  aore  complicated 
expressions  requiring  extensive  calculations  the  text  of  this  report  and  the  appro¬ 
priate  references  should  be  consulted-. 


5.9.1.  Closed  Rectangular  Darnel 


For  two-diaensional  aerofoils 


"VcWt-Y  i 


=  12  WW^2 


(see  Figure  5.1) 


-  - 


If  incidence  effects  aust  be  allowed  for,  put 


-,<«>  =  ee[1  +  1*^(| 
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If  the  sodel  is  at  a  distance  d  from  the  vail,  put 


3  ,  wd 

e„(d)  =  e  l  +  -  cot2  —  . 
s  8  4  h 


For  three-diaensional  nodels 


or 


where  for  wings 


and  fcr  bodies 


=  T 


es  =  T 


f**]2  1 

\bhj  W 

MW  l 

W  W 


VG 


\  =  X2  (Fig.  5.1) 


G  =  1  +  1 


X  =  X, 


-3  (Pig.  5. 2) 

G  =  1  +  0. 4/9/  f 

Values  of  r(= 2T//w)  and  T  depend  on  ratios  b/h  and  2s/b  (Figures  5.5  and  5.6). 
For  large  wing-body  coabinations,  it  »ay  be  better  to  add  the  separate  contributions 
of  the  wing  and  body. 


e 


W 


1  /  S  \  (l  +  0. 4M2\ 

4  UJ  l  y32  )c°°- 


If  the  wake  structure  is  known,  use  Equation  (5.58)  instead.  For  lifting  wings,  use 
zero-lift  drag  coefficient. 


5.9.2  Closed  Non -Rectangular  Tunnels 

For  two-diaensional  aerofoils,  use  the  solid-blockage  equations  for  the  rectangular 
tunnel  of  an  equivalent  height  (he).  The  value  of  hc  depends  cm  both  the  tunnel 
shape  and  whether  a  correction  is  required  at  the  cid-span  position  or  as  an  average 
over  the  coeplete  span. 


Tunnel  Shape 

Value  of  he 

Mid-Span 

Average 

Circular 

1.553R 

1.571R 

Octagonal 

h  (at  centre) 

C/b 

Elliptical 

Fig.  5. 10 

0.785n 
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For  the  wake-blockage  factor,  in  all  cases  use 


l°\ 

/I  +  0.4*l2\ 

i  P  j 

where  h0  is  the  value  used  in  calculating  the  solid-blockage.  For  lifting  wings, 
use  zero-lift  drag  coefficient. 

For  three-diaensional  aodels,  use  equations  for  rectangular  tunnel.  with  appropriate 
values  of  r  or  T  and  with  bh  replaced  by  the  tunnel  cross-sectional  area  C  . 


5.9.3  Open- Jet  Tunnels 

For  a  two-diaensional  aerofoil  in  a  rectangular  jet 


£-  = 

7T2 

S 

"  24 

or 

£  = 

IT 

8 

~  12 

and 

£.  = 

0  . 

(see  Pigure  5.1) 


A 

gW 


For  three-diaensional  aodels,  use  equations  for  for  closed  rectangular  tunnels, 
but  with  values  of  T  and  r  given  in  the  table  in  Section  5.5.2.  Fbr  non-rectangular 
tunnels,  replace  bh  in  these  equations  hy  C  :  for  a  circular  tunnel  T  =  -0. 182  and 
r  =  -0. 206  :  for  an  elliptical  tunnel  take  TR  +  0. 029  (or  tr  +  0. 032)  where  TR  (or  tr) 
corresponds  to  a  rectangular  open  jet  of  breadtb/height  ratio  equal  to  a/n  .  The  wake- 
blockage  factor 


€„  =  0  . 


5.9.4  Corrections  to  Strew  Quantities 
For  y  =  1.4  . 


AO 

= 

(es  +  ew)0  =  eB« 

AM 

= 

(1  +  0.2t2)M€B 

APa, 

= 

-  1.4M2pffl€B 

Ap 

= 

-  Mzpe8 

A9 

= 

-  0.«26eB 

A  (ipv2) 

= 

(2  -  M2)(ip02)e- 

AO,,. 

= 

(I  -  0.  7M2)Rr£b 

For  incospressible  flow 


APo  =  -P02es 


5.9.5  Corrections  to  Bo  del  Quantities 


ACa  -  -  [2  -K*)CAeB  . 

shere  CK  is  a  non-dinensional  force  or  noaent  coefficient  other  than  drag  coefficient 
CD  * 

For  tvc-dicensianal  aerofoils 

AC,,  =  -  [{1+0  <iH2)£s  +  (2-H2)eBJCD  . 

For  three-diiensiunai  aodels 

ACd  ^  -  <1+0.4S2)€sCbo  -  (2-«2)eBCD  . 

In  both  cases 

ACp  =  [2  -  {2-*z)Cjeb  . 

These  corrections  only  apply  if  the  uncorrected  stress  quantities  (Section  5.9.4)  are 
used  in  obtaining  the  non-dimensional  coefficients. 
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WALL  INTERFERENCE  IN  TUNNELS  WITH  VENTILATED  WALLS 


E.  W.  E.  Rogers 


6. I  INTRODUCTION 

The  use  of  wied  tunnels  with  partial  ly-open,  or  ventilated,  walls  for  transonic 
investigations  is  now  widespread,  and  such  tunnels  are  inevitably  employee  for  teats 
at  subsonic  speeds,  a  fixed  wall  geometry  usually  being  retained  throughout  the  speed 
range.  Ventilated  walls  may  be  of  several  different  types,  but  frequently  the 
openings  consist  of  longitudinal  slots  or  circular  perforations;  these  allow  the  air 
to  pass  between  the  working  section  and  the  surrounding  plenum  chamber  or  tank.  The 
ventilated  walls  nay  constitute  the  cosplete  tunnel  boundary  or.  alternatively,  the 
side-walls  of  the  tunnel  may  be  solid,  with  glass  windows,  thus  easing  the  problems 
of  viewing  or  supporting  the  model- 

The  boundaries  of  the  ventilated  wind  tunnel  influence  the  flow  about  the  model  in 
a  similar  manner  to  the  boundaries  of  the  more  conventional  closed  or  open-jet  tunnel. 
Indeed,  these  two  types  may  often  be  regarded  as  the  extreme  limits  within  which  the 
amount  of  wall  ventilation  may  be  varied.  Fortunately,  many  cf  the  wall- interference 
effects  are  of  opposite  sign  in  the  two  extreae  geometries,  and  hence  by  using  a 
partial ly-open  tunnel  it  is  possible  to  reduce,  or  even  eliminate,  these  effects. 

Such  considerations  sometimes  determine  the  design  of  the  wall  geometry  to  be  oned; 
frequently,  however,  the  need  to  reduce  shock-wave  reflection  effects  at  transonic 
and  low  supersonic  speeds  may  be  more  iiportant  and  become  the  basis  of  the  tunnel 
design4 'jJ.  Indeed  for  tunnels  with  perforated  walls,  where  shcck-wave  reflection 
can  be  considerably  reduced  by  careful  choice  of  wall  geceetry.  some  degree  of  wall 
interference  may  have  to  be  accepted,  because  the  criteria  for  wave-reflection  elimina¬ 
tion  nnd  zero  subsonic  wall  interference  will  probably  be  incompatible. 

In  general  it  is  not  possible  to  remove  all  types  of  subsonic  wall  interference  by 
choosing  a  particular  wall  gweetry;  corrections  are  therefore  required  to  mtnf  of 
the  measured  quantities,  oat  very  often  these  are  uot  applied.  One  important  reason 
for  this  apparent  neglect  is  that  the  necessary  corrections  are  frequently  very  small, 
partly  because  the  model  may  be  cyall  in  relation  to  the  tunnel,  and  partly  because 
the  chosen  wall  geometry  may  well  lie  close  to  that  needed  to  eliminate  the  particular 
interference  effect.  In  addition,  the  theoretical  potential- flow  approach  to  the 
problems  of  ventilated-wall  interference  is  sometimes  felt  to  be  less  soundly  based 
than  when  applied  to  tunnels  with  uniform  boundaries,  particularly  since  the  effects 
of  viscosity  on  the  flow  through  the  ventilations  may  be  of  considerable  significance, 
yet  difficult  to  estimate.  The  approach  developed  by.  say.  Baldwin  et  ml.  (Ref.  6. 1; 
1954),  in  which  the  general  effects  of  viscosity  (particularly  on  the  flow  through 
longitudinal  slots)  aay  be  allowed  for.  is  of  great  value  in  meeting  this  type  of 
criticism.  The  analysis  is  inevitably  mads  more  coaplicsted.  however,  and  knowledge 


of  the  porosity  characteristics  of  the  wall  is  required.  This  can  often  only  he 
found  by  direct  experisent. 

Though  such  analysis  has  been  undertaken  Id  the  general  field  of  ventilated  wind- 
tunnel  interference,  the  supporting  experimental  checks  on  the  theory  (as  opposed  to 
tests  demonstrating  that  certain  interference  effects  are  snail)  are  at  present 
insufficient  to  confirm  or  modify  much  of  the  theoretical  work.  Theory,  however,  does 
form  a  useful  and  general  frame  of  reference  against  which  the  tunnel  operator  oust 
often  make  his  own  assessment. 

Interest  in  the  use  of  mixed  boundaries  to  miniaize  wall  interference  was  aroused 
as  early  as  1931,  when  Theodorsen* * 2  discussed  the  interference  experienced  by  a  snail 
lifting  wing  in  tunnels  having  a  combination  of  open  and  closed  boundaries,  and 
suggested  that  constraint  effects  could  be  reduced  considerably  by  using  these  uncon¬ 
ventional  types  of  working  section.  These  ideas  were  subsequently  extended  by  many 
authors* both  lift  and  blockage  interference  being  considered.  A  few  experi¬ 
mental  tests  were  also  made6*4’6*10'*-11.  The  blockage  factors  appropriate  to 
rectangular  tunnels  having  one  or  more  completely  open  walls  have  recently  been  given 
by  Vuest  (Ref. 6. SO;  1961)  who  used  an  electronic  computer  and  by  this  means  was  sble 
to  calculate  the  effects  of  displacing  the  model  from  the  tunnel  axis. 

In  terms  of  present-day  tunnel  configurations,  these  papers  may  be  regarded  as 
dealing  with  working  sections  having  one  or  two  longitudinal  slots  of  considerable 
width.  There  are,  however,  certain  disadvantages  in  using  a  small  number  of  slots. 

Fbr  example,  the  flew  in  the  working  section  may  deteriorate  due  to  jet  instability6-2, 
and  the  flow  field  in  the  neighbourhood  of  the  model  will  tend  to  be  rather  distorted. 
The  power  requirements  of  the  tunnel  may  also  be  large.  For  such  reasons,  working 
sections  having  multiple  longitudinal  slots  have  been  adopted  and  much  of  the  modern 
analysis  has  been  concerned  with  this  type  of  boundary. 

The  use  of  perforated  walls  to  produce  a  partly- open  boundary  seems  to  have  arisen 
from  considering  the  characteristics  of  porous  walls,  where  the  flow  through  the  wall 
corresponds  to  a  slow  viscous  motion,  and  in  which  the  pressure  drop  across  the  wall 
is  proportional  to  the  mass  flow  passing  through  it. 

It  is  convenient  therefore  to  divide  the  discussion  of  wall  interference  into  two 
sections,  dealing  with  tunnels  having  (a)  longitudinal  slots  and  (b)  perforations. 

This  is  largely  a  matter  of  convenience  since,  as  Maeder  and  food  (Ref.  6. 13;  1956) 
show  so  elegantly,  both  types  of  ventilation  are  particular  cases  of  a  more  general 
boundary  condition;  the  proposed  arrangement  however  dees  correspond  to  the  major 
division  in  wind-tunnel  construction,  even  though  there  are  certain  tunnels  with  walls 
which  in  effect  combine  slots  and  perforations. 

Historically,  and  perhaps  also  practically,  the  elimination  of  solid-blockage 
effects  has  been  considered  of  more  importance  than  the  removal  of  lift-interference 
effects,  probably  because  it  was  felt  that  the  test  Mach  number  could  then  be 
accurately  determined,  particularly  at  high  subsonic  speeds.  It  is  proposed  therefore 
to  discuss  blockage  Interference  initially  and  subsequently  to  consider  lift  inter¬ 
ference,  particularly  the  value  likely  to  be  present  in  a  tunnel  designed  for  zero- 
blockage  conditions.  It  will  be  assumed  that  the  lift  and- blockage  corrections  are 
independent  and  additive,  and  hence  that  it  is  sufficient  to  calculate  the  blockage 
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effects  ct  zero  model  lift.  A  summary  of  the  results  to  be  presented  in  this  chapter 
is  included  at  its  end.  as  Table  6.1. 


6.2  BOUNDARY  CONDITIONS  FOR  WALLS  KITH  L0J.SITD3INAL  SLOTS 


the-  first  attempt  to  calculate  the  lift  interference  experienced  by  a  small  wing 
in  a  t!>v*'l  having  Multiple  longitudinal  slots  was  made  in  1940  by  Pistolesi6'1*  for 
a  cir.u.H.r  tunnel.  Similar  results  were  obtained  in  1953  by  ilatthe»3<,is  in  an 
independent  analysis,  which  was  sore  detailed  ttian  the  earlier  work  and  allowed  for 
variations  in  slot  configuration,  wing  span  and  loading.  The  blockage  of  a  slender 
body  in  a  slotted  circular  wind  tunnel  was  discussed  by  Wright  and  Ward  (Ref.  6. 16; 
1948).  again  using  the  exact  boundary  conditions.  An  extension  of  this  method  to  a 
two-dimensional  aerofoil  was  made  in  1950  by  Tomlinson 6 * 5 *. 


It  proved  difficult  however  to  apply  these  methods  in  practice  due  to  the  complexity 
associated  with  the  mixed  nature  of  the  boundary;  for  example,  to  satisfy  the  correct 
boundary  conditions  for  a  source-sink  doublet  placed  on  the  axis  of  a  circular-slotted 
tunnel,  an  infinite  set  of  linear  simultaneous  equations  arises  in  the  calculation  of 
the  interference  functions.  Sven  with  certain  simplifying  assumptions,  extensive 
numerical  work  is  often  required.  Difficulties  of  this  type  led  to  the  consideration 
of  a  simpler,  though  less  exact,  wall  condition  by  an  approach  attributed  in  Reference 
S. 17  to  Busemann.  This  assumed  that  the  real  slotted  wall  could  be  replaced  by  an 
equivalent  homogeneous  boundary  whose  influence  near  the  model  would  be  very  similar 
to  that  of  the  real  wall.  Since  this  influence  may  be  imagined  as  a  weighted  mean  of 
the  effects  due  to  the  slots  and  the  solid  slats,  it  seeas  that  the  equivalent  wall 
would  give  a  close  representation  cf  the  flow  near  the  tunnel  centre,  provided  that 
the  dimensions  of  tte  tunnel  were  large  compared  with  the  distance  between  adjacent 
slots.  The  calculations  and  discussions  of  Davis  and  Moore  (Ref. 6. 17;  1953)  confirm 
the  validity  of  this  argument,  and  show  that  the  simpler  analysis  based  on  the 
equivalent  boundary  gives,  in  general,  correction  effects  which  are  in  very  close 
agreement  with  those  calculated  by  the  earlier  exact  methods. 


Ihe  linearized  boundary  condition  of  the  equivalent  wall  has  been  derived  by  more 
than  one  method.  (See  References  6.1.  5.13,  6.17  to  6.20).  In  most  cases  the  cross- 
flow  approaching  a  single  slot  and  slat  is  considered,  and  this  leads  to  a  simple 
homogeneous  boundary  condition  for  subsonic  flow,  which  is  assumed  to  apply  along  the 
entire  length  of  the  tunnel  working  section  and  is  thus  independent  of  x  : 


3x  Bx9n 


0  . 


(6.1) 


where  $  is  the  perturbation  velocity  potential,  x  is  measured  In  the  stream 
direction  and  n  along  the  outward  normal  to  the  wall  surface.  The  parameter  S  . 
having  the  dimensions  of  length,  is  defined  by 
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Here,  the  slats  are  assuaed  to  be  of  ss&ll  thickness  noreal  to  the  cross- flow 
direction,  d  is  the  periodic  spacing  of  the  slots,  and  a  is  the  slot  width  (Fig. 6.1); 
the  open  area  ratio  a/d  Bust  be  ssall,  d  being  a  snail  fraction  of  the  tunnel 
dimensions.  Equation  (6.1)  should  be  compared  with  the  exact  conditions,  represented 
usually  by 


—  —  0  at  the  slats 
Bn 


3x 


=  0  at  the  slots 


(6.3) 
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The  boundary  condition  used  by  Wood3  in  Sections  7.30  to  7.32  of  Reference  6.19  (1961) 
Is  somewhat  different  and  overcoens  certain  difficulties  involved  in  the  assumption 
that  the  calculations  are  being  Bade  for  a  position  whose  distance  frGH  the  wall  is 
large  compared  with  the  slot  spacing.  This  alternative  boundary  condition  would  see* 
to  be  of  most  value  when  only  a  few  widely  spaced  3lots  are  present.  Goethert 
(Ref. 6. 18;  195T)  in  a  acre  exsct  analysis  of  the  cross- flow  near  the  slots  shows  that 
Equation  (6-2)  say  be  regarded  as  the  first  term  of  a  power  series  in  the  open-area 
ratio  a/d  ;  unless  this  ratio  is  small,  higher-order  terms  may  be  significant. 

food6'57  discusses  the  validity  of  the  linearized  boundary  condition  in  Equation 
(6. 1)  with  particular  emphasis  on  the  large  transverse  velocities  which  can  occur  in 
the  neighbourhood  of  narrow  slots  when  large  models  are  tested,  and  on  the  significance 
of  the  displacement  of  the  free  boundary  from  the  contour  of  the  slotted  wall.  These 
considerations  lead  to  the  non-linear  homogeneous  boundary  condition 


dx 


20a* 


(6.4) 


which  implies  a  similarity  between  the  transverse  flow  in  the  slot  and  a  two- 
dimensional  Helmholtz  jet.  Reference  6.57  includes  a  measured  velocity  distribution 
along  the  wall,  that  appears  to  justify  food’s  non-linear  calculations  for  a  non¬ 
lifting  two-dimensional  aerofoil.  Further  applications  of  this  non-linear  boundary 
condition  have  not  so  far  been  made,  and  the  analysis  in  the  present  chapter  is  based 
on  linear  boundary  conditions. 


So  far  the  flow  has  been  assumed  inviscid,  so  that  there  is  no  pressure  dreg)  across 
the  slot  boundary,  apart  from  that  associated  with  changes  in  fluid  velocity.  In 
practice,  the  effects  of  viscosity  nay  well  be  of  importance,  particularly  if  the  slot 
width  is  small  compared  with  the  wall  boundary-layer  thickness.  Equation  (6.1)  then 
needs  to  be  modified.  Baldwin  et  al.  *■ 1  do  this  hy  adopting  the  homogeneous  boundary 
condition  for  a  porous  wall6,21*6**6,  in  which  the  average  velocity  normal  to  the  wall 
is  assuaed  to  be  proportional  to  the  pressure  drop  (Sp)  through  the  wall  (see 
Section  6.7).  This  is  a  linearized  approximation  to  the  viscous  flow  through  a  porous 
medium  and  leads  to  the  boundary  condition 
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where  P  is  a  porosity  parameter  defined  by 


5p 


(X J  3$ 

7  Zn  ' 


(6.6) 


Hers  U  is  the  free-streao  velocity,  34/cn  the  velocity  noreal  to  the  wall,  and  p 
the  fluid  density-  As  mentioned  in  Section  6.7,  P  may  be  determined  experimentally 
for  any  given  wall  by  measuring  Sp  for  various  values  of  p(3#/cn)  . 


It  is  assumed  therefore  that,  for  a  slotted  wall  having  viscous  effects  within  the 
slots,  a  boundary  condition 


3$  3*$  1  o$ 

3x  3x3n  P  on 


(6.7) 


may  be  used;  alternatively,  if  the  porosity  parsieter  is  found  not  to  be  linear  with 
3$/3n  .  a  more  complex  condition  may  be  required  (Appendix  R  of  Reference  6.1). 
Solutions  based  on  Equation  (6.7)  will  include  the  following  special  cases: 


the  closed  wall  (K  -  co  or  P  =  0), 
the  open  jet  (K  =  0  and  P  -  cc>, 
the  perforated  wall  (K  =  0), 
the  inviscia  slotted  wall  (P  -  co). 

The  perforated  wall  will  be  discussed  in  Sections  6.7  to  6.10.  The  last  case  will 
henceforward  be  referred  to  as  an  "ideal"  slotted  wall. 


Alternatively  the  effects  of  viscosity  in  the  slot  region  say  be  represented  by 
considering  the  slots  to  be  covered  with  a  porous  or  perforated  material;  a  more 
complicated  boundary  condition  is  then  required6-18.  In  some  wind  tunnels  perforated 
cover  plates  have  been  fixed  across  the  slots,  so  that  the  pressure  drop  mu  »je 
increased  artificially  to  match  the  local  outflow  characteristics  in  free  air. 

Much  of  the  existing  analysis  for  interference  effects  in  slotted-wali  tunnels  is 
based  on  an  inviscid  boundary  condition  similar  to  Equation  (6.1),  and  it  is  now 
possible  to  estimate  the  required  corrections  for  a  wide  range  of  models  and  tunnel 
cross-sections  for  this  ideal  slotted  wall.  Some  of  the  experimental  checks  that  have 
been  made  in  References  6.23  and  6.24  suggest  however  that  the  ideal  slotted  wall 
condition  P  -  cc  may  not  always  be  achieved;  indeed  for  typical  working-section 
configurations  P  may  be  of  order  unity  and  not  greatly  influenced  by  the  stream 
Mach  number.  Hue*  more  information  is  required  on  this  point,  and  it  is  here  perhaps 
sufficient  to  point  out  that  the  ideal  slotted-wall  correction  factors  say  sometimes 
need  to  be  applied  with  caution;  fortunately  interference  corrections  have  been 
evaluated  in  several  cases  for  the  more  general  boundary  condition  (6.7),  and  these 
are  discussed  below.  The  assumption  of  an  ideal  slotted  wall,  however,  is  valuable 
in  enabling  a  general  picture  to  be  obtained  of  wall -interference  effects  in  slotted 
tunnels,  especially  the  trends  with  slot  geoeetry  and  ecdel  size. 

It  will  also  be  assumed  (unless  stated  to  the  contrary)  that  the  slotted  working 
section  is  long  compared  with  the  tunnel  height  or  breadth  and  that  the  slots  are 
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uniformly  spaced,  have  sharp  edges,  small  thickness  and  no  longitudinal  taper.  Further 
it  will  be  assumed  that  the  model  is  mounted  centrally  in  the  working  section. 

In  certain  cases,  the  restrictions  on  slot  geometry  may  be  overcome.  For  example, 
if  the  walls  have  tapered  slots,  Equation  (6.7)  may  be  used  as  the  boundary  condition 
but  P  ,  instead  of  representing  the  viscous  effects  in  the  slot  flow,  may  now  be 
related  to  the  slot  taper  by 

1  dK 


K  being  given  by  Equation  (6.2);  this  matter  is  discussed  further  in  Reference  6.1. 

If  the  slats  have  a  thickness  f  ,  a  boundary  condition  of  similar  form  to 
Equation  (6.1)  may  be  derived,  but  with  a  somewhat  different  definition  of  the 
parameter  K  (Ref.  6. 52;  1957).  Unfortunately,  as  f  tends  to  zero  this  new  defini¬ 
tion  of  K  becomes  inconsistent  with  Equation  (6.2)  above.  The  differences  are  quite 
large  and  seem  to  arise  from  the  way  in  which  the  slats  are  represented  in  the  analysis; 
by  doublets,  when  the  slats  have  finite  thickness  and,  in  effect,  by  sources  for  the 
case  of  very  thin  slats.  Since  in  practice  most  wind-tunnel  slats  are  thin  compared 
with  their  width,  the  definition  of  Equation  (6.2)  seems  a  reasonable  one  to  use  in 
such  cases. 

The  discrete  boundary  conditions  at  a  slotted  wall  may  be  satisfied  if  the  rheo- 
electric  analogy  is  employed;  in  this  the  electric  potential  in  an  electrolytic  tank 
■ay  be  identified  with  the  interference  velocity  potential,  the  tank  being  contoured 
to  represent  the  tunnel  section.  In  the  exact  analogical  model  the  solid  portions  of 
the  wall  are  insulators,  whilst  the  slots  are  made  of  conducting  material,  so  that  a 
wall  consisting  only  of  a  few  slots  and  slats  may  readily  be  represented.  If 
required,  the  lineer  homogeneous  boundary  condition  of  Equation  (6.5)  can  also  be 
represented  by  a  3imple  analogy  (Tirunale3&,  Ref.  6.55:  1959).  The  actual  profile  and 
incidence  of  a  two-dimensional  aerofoil  may  be  simulated  in  the  tank,  a  considerable 
advantage  if  the  model  is  a  large  one,  and  this  aspect  is  discussed  in  detail  in 
Reference  6.55. 

At  Birmingham  University,  Rushton  (Ref. 6. 69:  1965)  has  developed  an  electrical 
analogue  computer  to  study  slotted-wall  interference  effects.  The  computer  consists 
of  a  rectangular  array  of  resistors  which  form,  in  effect,  a  model  of  the  wing  end 
tunnel  cross-section.  The  equations  of  the  electrical  network  are  made  identical  to 
the  finite-difference  form  of  the  two-dimensional  differential  equation  governing  the 
velocity  potential,  and  the  resistance  network  can  then  be  used  to  estimate  the 
interference  upwash  at  the  wing  for  different  types  of  tunnel  boundary.  Rushton  in 
fact  considered  the  interference  experienced  by  small  lifting  wings  in  rectangular 
tunnels  having  both  roof  and  floor  slotted  or  all  four  walls  slotted.  With  such  an 
analogue  it  is  possible  to  compare  results  obtained  under  the  linear  homogeneous 
boundary  condition,  discussed  earlier,  and  for  walls  with  ideal  slots  and  slats;  this 
comparison  is  discussed  below  in  Section  6.5.3.  The  analogue  method  can  also  be  used 
to  check  the  significance  of  assumptions  necessary  to  secure  an  analytical  solution 
to  a  particular  problem,  and  to  give,  if  required,  improved  data  for  the  interference 
corrections.  Examples  cf  this  are  contained  in  Sections  6.5.3  and  6.5.4. 
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6.3  TWO- DIMENSIONAL  BLOCKAGE  IN  TUNNELS  KITH  LONGITUDINAL  SLGTS 

Blockage  interference  arises  from  both  the  model  ana  its  wake,  the  two  components 
being  called  solid  and  wake  blockage  respectively.  It  manifests  itself  as  an  increment 
AUg  =  £gU  in  stream  velocity  at  the  model  position.  The  total  blockage  factor  eB 
is  conveniently  expressed  as  the  sum  of  the  solid-blockage  factor  eg  and  the  wake- 
blcckage  factor  ,  which  are  derived  independently  at  zero  model  lift.  Associated 
with  both  the  solid-  and  wake-blcckage  increments  are  longitudinal  velocity  gradients, 
which  iEpose  a  corresponding  drag  force  on  the  model. 

The  analysis  for  slotted  tunnels  is  rather  less  extensive  in  scope  than  for  the 
closed  and  open  tunnels,  although  most  of  the  important  simple  cases  have  now  been 
discussed.  The  present  section  is  concerned  with  two-dimensional  models  spanning  s 
slotted  tunnel  of  height  h  ;  the  tunnel  side-walls  are  assumed  to  act  merely  as 
reflection  planes  contributing  nothing  to  the  flow  about  the  model. 


6.3.1  Solid  Blockage 

If  the  model  is  small  and  thin,  it  may  be  represented  by  a  two-dimensional  doublet 
whose  velocity  potential  in  a  free  stream  of  subsonic  Mach  number  M  is 
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where  A  is  the  cross-sectional  area  of  the  model,  and  /?  =  (I  -  S52)T  .  The  origin 
of  the  co-ordinate  system  is  at  the  centroid  of  the  model.  In  the  tunnel  the  perturba¬ 
tion  potential  is  given  by 
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$  =  ,  (6. 10) 

being  the  potential  of  the  wall  constraint.  The  latter  must  satisfy  the  general 
linearized  equation  of  flow 
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The  potential  $  must  also  satisfy  the  boundary  condition  (6.7)  at  the  slotted  walls, 
so  that 
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From  Equations  (6.9).  (6.11)  and  (6.12).  the  interference  potential  may  be  found. 
Different  techniques  have  been  employed  in  the  solution  for  .  Reference  5.1,  for 
exacjjle.  uses  Fourier  transforms 
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for  both  $  and  ^  .  Once  the  dilution  for 
factor  can  be  obtained  from  the  expression 


$.  is  known,  the  solid-blockaxe 
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conditions  at  the  origin  being  taken  as  the  mean  of  the  distributed  effect  along  the 
model.  In  the  general  ease6*1 

_  5  /  «*\  1*°  f  LI  -  F  V  -  Q5/P) 2  j  +  [(1  -  Fq)2  »  'j3/P)?3e~'2(3 

s  t t2  ]0  1  (cosh  q  +  Fq  sinh  q)2  +  03/P)2sinh2q 

where  q  =  .  The  effect  of  slot  geometry  is  represented  by  the  parameter  P 

(=  2C/h).  and  the  influence  of  viscosity  on  the  slot  flow  by  the  ratio  fi/P  .  Thus, 
if  P  is  assumed  to  be  independent  of  stream  Mach  number  (as  certain  tests  suggest), 
the  influence  of  the  viscous  slot  flow  will  vary  with  M  ;  moreover,  as  the  stream 
Mach  number  approaches  unity,  /5/P  tends  to  zero,  and  the  ideal  slotted  tunnel  condi¬ 
tion  is  approached. 

Following  Reference  6.17,  it  is  convenient  to  use  a  parameter  (1  +  R'*  to 
illustrate  the  variation  of  the  solid-blockage  effect  with  slot  geometry.  This 
parameter  has  a  value  of  zero  for  the  closed  tunnel  and  unity  for  the  open  tunnel. 

It  seems  reasonable,  toe,  to  consider  the  ratio  of  eg  in  tne  slotted  tunnel  to  its 
value  (e«)c  in  a  similar  tunnel  with  closed  walls.  The  latter  quantity  is  that  in 
brackets  outside  the  integral  in  Equation  (6.15).  Thus 

n  ,  A/SvN 

ns  =  V<€s>c  =  \~^-Je  s  (6*I6) 

I 

is  considered  as  a  function  of  (1  +  F)*»  .  This  typ*--  ox  presentation  may  be  of  value 
in  extending  the  present  results  for  simple  model  shapes  to  more  complex  representa¬ 
tions,  by  assuming  that  for  a  given  tunnel  the  value  of  fi_  is  unchanged  if  the  more 
sophisticated  methods  discussed  in  Chapter  V  are  used  for  determining  (es)c  . 

The  variation  of  Qs  with  (i  *  F)'?  for  a  two-dimensional  aerofoil  is  shown  in 
Figure  6.2  for  two  values  of  £$/?  .  One.  taken  from  Reference  6.17,  corresponds  to 
the  ideal  slotted  tunnel  (P  -  eo)  and  indicates  ah  alaost  linear  variation  of  fis 
froa  the  fully  closed  tunnel  to  open-jet  tunnel.  Tne  other,  broken,  curve  has  been 
calculated  for  H  =  0.8  ,  P  =  1.0  ;  the  latter  value,  though  arbitrarily  chosen,  say 
well  be  typical  of  many  tunnels. 


•q  dq  .  (6. 15) 


Zero  solid  blockage  will  correspond  to  fis  =  0  ,  and  this  is  achieved  in  as  ideal 
slotted  tunnel  for  the  condition 


(1+?)"*  =  0.67?  (6.17) 

whence  F  =  ?0  =  1.18  . 

For  the  broken  curve,  F0  =  1.05  .  Tne  variation  of  Pc  with  j8/P  to  give  zero 
blockage  has  been  estimated  by  Baldwin  et  al.  4*1  and  is  reproduced  as  Figure  6.3. 


The  definition  of  F  contained  in  Figure  6. 1  indicates  that  for  each  value  of  the 
ratio  of  tunnel  height  to  slot  spacing  (h/d)  there  is  a  critical  value  of  the  open- 
area  ratio  for  zero  solid  blockage,  as  illustrated  in  the  following  table,  where  the 
ideal  slotted  tunnel  is  compared  with  one  having  /3/P  =  1  . 


Percentage  Open-Area  Ratio  for  Zero  Solid  Blockage 
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1 
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4 

6 

8 

12 
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100  - 
d 
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- 1 
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P 

10.0 

-  * 
x.  o 

0.4 
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x  10" 3 

0.2 
x  10'* 

0.1 
x  1C'7 

a 

100  - 
d 

for 

Q 

—  -  1 

P 

20.5 

6.4 

0.64 

0.6. 
x  10  * 

0.6. 
10' 3 

0.6. 

X  10' a 

These  values  are  remarkably  small  .for  the  slot  configurations  usually  employed* , 
and  it  seems  doubtful  whether  the  theoretical  approach  can  be  considered  entirely 
valid  for  the  two-dimensional  case.  On  this  evidence,  slot  configurations  usual  in 
two-dimensional  tunnels  would  be  often  too  open,  and  the  solid-blockage  factor  would 
be  negative.  Experimentally.  Pesrcey  et  al.  (Ref.  6. 24;  1359)  found  zero-blockage 
conditions  for  a  particular  slot  configuration  h/d  =  6.37  ,  a/d  =  1.6S  ,  far  which 
F  =  0.37  .  As  Figure  6.3  shows,  this  would  correspond  tc  a  7alue  /3/P  =  1.20  ,  though 
nc  attempt  was  made  to  measure  this  quantity  directly. 

The  alternative  boundary  condition  suggested  hy  Woods  in  Section  7.21  of  Reference  S.  19 
is  claimed  to  be  more  valid  for  b/d  <  2  .  but  for  greater  values  of  this  ratio  there 
is  little  difference  between  his  results  and  those  obtained  by  ether  authors. 

Maeder  (Ref.  6. 25;  1953}  discusses  the  case  in  which  the  model  is  too  largo  to  be 
represented  sufficiently  accurately  by  c  dcuhlet  and  where  use  cf  a  Rankine  oval 
(discrete  source  and  sink)  is  preferable.  His  theoretical  curves  fer  the  ideal  slotted 
tunnel  are  reproduced  in  Figure  6.4  for  different  values  of  the  ratio  1//5 h  ,  where  I 
is  the  source-sink  separation  distance.  When  the  aerofoil  is  thin,  this  ratio  is 
approximately  c/J3h  ,  where  c  is  the  model  chord;  a  more  accurate  relationship 
between  l  and  c  will  be  found  in  Reference  6.26.  Figure  6.4  shews  a  discrepancy 
between  Uaeder’ s  curve  for  a  very  small  model  and  that  given  by  Davis  and  Jfoore6*17; 
this  is  due  to  an  approximation  contained  in  the  analysis  of  Reference  6.251.  The 
discrepancy  does  not  affect  the  estimated  value  of  F0  required  to  give  zero  solid 
blockage  (Fig.  6. 5)  and,  since  most  wind  tunnels  operate  in  the  region  between  this 
condition  and  that  for  an  open-jet,  the  difference  between  the  two  methods  of  analysis 
may  usually  be  unimportant. 


•  For  example,  if  h  is  10  units  and  the  slot  spacing  d  is  l  unit.  then  the  calculated  slot 
width  for  zero  interference  is  6  «  10'9  units  for  the  ideal  slotted  tmmel  and  about  7  *  10"6  units 
for  0/P  =  1.0  . 

*  There  is  a  similar  discrepancy  for  a  small  three-dimensional  sodc-1  in  a  tunnel  with  solid  side- 
walls  and  slotted  roof  and  floor  (Section  6.4.2);  this  is  dlscussfd  ty  Aca  (Ref.6.34;  1961). 


The  problea  c t  an  aerofoil  whose  chord  Bay  no  longer  be  regarded  as  snail  coa pared 
with  the  tunnel  height  is  also  discussed  by  Tiruaalesa,  using  the  rheoelectric 
analogy4' 5S-  His  results  in  Figure  3  of  Reference  6.55  are  in  broad  agreement  with 
the  theoretical  calculations  of  Kaeder  and  confirm  that,  as  the  wodel  size  increases 
relative  to  the  tunnel,  F0  also  increases  (Fig.  6.5).  For  a  fixed  slot  spacing,  this 
corresponds  to  a  reduction  in  open  area  ratio. 


8.3.2  Longitudinal  Pressure  Gradient  Due  to  Solid  Blockage 

In  the  preceding  section,  the  velocity  increaent  at  the  aodel  position  due  to  the 
solid  blockage  has  been  discussed.  This  increment,  however,  varies  both  along  and 
across  the  working  sections.  The  latter  variation  is  snail  in  the  region  of  the  aodel 
and  nay  usually  be  neglected.  The  longitudinal  velocity  gradient  has  been  detected 
experimentally  by  Wright  (Ref.  6. 28;  1959)  and  is  of  importance  for  two  reasons. 

Firstly,  if  the  stress  velocity  is  seasured  at  soae  position  on  the  tunnel  wall  upstream 
of  the  model,  this  position  mcy  be  itself  subject  to  a  snail  interference  effect*. 
Secondly,  consideration  Hist  be  given  to  the  velocity  gradient,  and  hence  the  corres¬ 
ponding  pressure  gradient,  along  the  aodel  to  see  whether  this  influences  the  aeasured 
drag. 

In  as  ideal  slotted  tunnel  with  the  linearized,  hoaogeneous  boundary  condition,  the 
solid-blockage  velocity  increment  varies  symmetrically  on  either  side  of  the  position 
of  a  eaall  aodel.  so  that  the  longitudinal  pressure  gradient  there  is  zero  (Pig.  6. 6). 
Hence  there  is  no  horizontal  buoyancy  force,  and  no  correction  to  be  applied  to  the 
aeasured  drag.  On  the  other  hand.  Wood*'57  shows  that  for  large  interference  velo¬ 
cities,  where  the  linear  boundary  condition  aay  nc  longer  be  valid,  the  interference 
velocity  way  be  antisymmetric  on  either  side  of  the  wodel,  giving  rise  to  a  buoyancy 
force. 


The  interference  syaoctry  is  also  lost  if  viscous  effects  appear  at  the  slots  and 
the  linearized  boundary  condition  (6.7)  with  finite  P  is  used.  The  longitudinal 
velocity  gradient  for  a  two-dimensional  aerofoil  aay  be  derived  fro®  the  general 
solution  for  ip  Equation  (19)  of  Reference  6.1.  At  the  model  position 


24 


f3  f® 

(Oe  “l  h**  . 

8  e  P  *o  * 


(6.  IS) 


where 


(cosh  q  +  Fq  sinh  q)J  +  GS/P)2sinh2q 

(f8>c=7TA/(6^3hz)  is  the  value  of  €g  for  a  closed  tunnel.  The  pressure  gr&dieut, 
"dp/^x  ,  is  given  by  -£U2(3es/3x)  ,  and  the  magnitude  of  this  gradient  for  a  particular 
ratio,  &/?  -  0.8  ,  is  illustrated  in  Figure  6.7. 


In  aacy  tassels,  the  stress  speed  is  determined  fna  the  pressure  In  the  plea*  chaster 
sarrocading  the  working  section.  The  Influence  of  the  aodel  on  the  plemsr-chsaber  pressure 
is  dlscuwed  briefly  in  Reference  6.49. 
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The  pressure  gradient  associated  with  the  solid  blockage  iaposes  an  unwanted  drag 
force  on  the  model,  which  is  given  by  minus  the  product  of  the  pressure  gradient  and 
the  equivalent  area  of  aerofoil  cross-section  (At).  Now  As  nay  be  shown  to  be 
equivalent  to  6.33h2(6s)c/-/r  (see  Reference  S.43,  for  example),  and  it  follows  that 
the  required  correction  to  the  measured  drag  coefficient  for  the  wall-induced  velocity 
gradient  is 


(Acd) 


sg 


cp  Ae 

Bx  y/oo2c 


288  y32h  J3 
- - r  -  (O2  —  j 

773  C  S  C  P  *0 


IA  dq 


(C.  19) 


where  IA  is  the  integrand  in  Equation  (6. 18). 

6.3.3  Wake  Blockage 

As  discussed  in  Section  5.4.4,  the  presence  of  the  wake  downstreaa  of  the  model 
gives  rise  to  two  constraint  effects  when  the  tunnel  walls  are  solid.  One  is  an  effec¬ 
tive  velocity  increment  at  the  model  position:  the  other  is  the  horizontal  buoyancy 
associated  with  the  longitudinal  velocity  gradient  at  the  model  position.  In  the  open- 
jet  tunnel,  the  first  effect  (but  not  the  second)  is  usually  taken  tc  be  zero,  because 
the  boundaries  of  the  jet  can  be  displaced  away  from  the  tunnel  axis  in  order  to  com¬ 
pensate  for  the  low-velocity  air  in  the  model  wake.  There  is  then  no  need  to  increase 
the  stream  velocity  in  the  flow  outside  the  wake  in  order  to  maintain  tho  same  mass 
flow  upstream  and  downstream  of  the  model.  Similar  considerations  would  apply  to  the 
slotted  tunnel. 


Formally,  the  model  wake  is  replaced  by  a  source.  The  subsequent  analysis  has  been 
made  for  an  ideal  slotted  tunnel  hy  Maeder6,13,6'25  and  for  a  tunnel  with  a  porosity 
parameter  P  by  fright <*28,  using  the  techniques  of  Reference  6.1. 

When  the  model  is  a  two-dimensional  aerofoil,  tbs  effective  interference  velocity*, 
ewC  .  at  the  model  is  found  to  be  zero,  provided  that  the  slot  flow  corresponds  to 
that  in  an  ideal  slotted  tunnel.  The  velocity  gradient  at  the  model  position  for  this 
case  is 

Be  CpC  f”  (1  -  Fq)e"Qq  dq 

_£  = - -  .  (6.20) 

ox  7rp-h<  j0  cosh  q  +  Fq  sinh  q 

The  velocity  gradient  associated  with  a  single  source  has  the  same  magnitude  as  the 
velocity  due  to  a  doublet  of  equal  strength.  Provided  that  the  boundsry  conditions 
are  independent  of  x  ,  as  in  Equation  (6.7)  when  P  —  co  ,  then  the  wake-blockage 
gradient  can  be  identified  with  the  solid-blockage  factor  eg  .  apart  fro*  a  numerical 
factor.  Thus  for  the  condition  J3/P  =  0  ,  it  follows  from  Equations  (6.15),  (8.16) 
and  (6.20)  that 


There  *ty  be  an  induced  velocity  at  some  reference  point  upstream  of  the  model  and  in  conse¬ 
quence  an  equal  end  opposite  effective  interference  velocity  at  the  model. 
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—  O  -21 
12  * 


(6.21) 


which  becooes  zero  when  f)s  vanishes.  Hence,  in  an  ideal  slotted  tunnel,  the  wake- 
blockage  velocity  increment  and  horizontal  buoyancy  are  eliminated  if  zero  solid- 
blockage  conditions  are  present.  If  this  is  not  the  case,  the  correction  to  the 
■ensured  drag  is 


<Acd)w*  =  -*Vea>ccn  •  <6.22) 

the  derivation  being  similar  to  that  described  in  Section  5.8.2. 


If  the  tunnel  does  not  conform  to  ideal  slotted  conditions,  the  velocity  increscent 
far  upstream  is  still  zero,  but  at  the  acdel  position  by  Equation  (23)  of  Reference  6.28 
there  is  a  wake -blockage  factor 


where 


t(l  +  Pa)  sinh  a  +  cosh  ale*41 
(cosh  a  +  Pa  sinh  a)2  +  (jS/p)2sinh2a 


(6.23) 


The  quantity  in  square  brackets  outside  the  integral  in  Equation  (6.23)  is  (£v)c  , 
the  value  of  ~9  for  a  closed  tunnel,  so  that  the  ratio  of  the  wake-blockage  factors 
■ay  be  written  as 
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(«»>< 


2  fi  *® 

-  —  F  I.  da 
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(6.24) 


The  velocity  gradient  at  the  model  and  the  associated  drag  correction  are  still  given 
by  Equations  (6.21)  and  (6.22),  and  it  follows  that  these  vanish  if  the  tunnel  is 
operating  under  zero  solid-blcckage  conditions. 


6.4  THREE- DIMENSIONAL  BLOCKAGE  IN  TUNNELS  WITH 
LONGITUDINAL  SLOTS 

There  are  three  main  types  of  slotted  working-section  used  for  testing  three- 
dieensional  models:  (i)  circular;  (ii)  rectangular  with  slots  on  the  top  and  bottom 
walls;  and  (iii)  rectangular  with  all  walls  slotted.  These  will  be  considered  in  turn. 


6.4.1  Circular  Tunnel 

A  small  three-dimensional  model  may  be  replaced  by  its  equivalent  doublet,  whose 
potential  in  free  air  is  given  approximately  by 
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where  V  is  the  volume  of  the  sodel,  and  r  =  (y2  +  z2)»  is  the  radial  distance 
perpendicular  to  the  tunnel  axis.  In  cylindrical  co-ordinates  the  velocity  potential 
satisfies 


i 

;s\r s;  =  0  • 


(6.26) 


As  in  Section  6. 3. 1.  we  write  $  =  .  which  satisfies  Equation  (6. 26)  and  the 

boundary  condition  at  the  wall  (r  =  R), 


V  Bx  BxBr  P  dr Jr, 


b2* 

— *  + JC  — - 
.  Bx  BxBr 


•  1 

a  +  -*=f-J  .  (6.1 

tr  P  ^ 


This  corresponds  to  Equation  (6.12).  Fourier  integral  expressions  for  and 
nay  again  be  used  to  deduce  the  perturbation  velocity  at  the  node!  position  and  hence 
the  blockage  factor.  Baldwin  et  al.  4,1  give  this  in  a  fora  which  way  be  rewritten  as 


f 0. 797V"|  f® 

=  |SwJ  J.  41  • 


(6.28) 


*C  = 


|k0(Q)I0(Q)  -  qFfe,(q)I0(q)  -K0(Q)Xt(4)]  -  (q2P2  +  ^5 )« x(q)I a(q) | ' 

[B  V 

h0{q)  +qFl1(q)]2  +  -  ij(q) 


where  for  the  circular  tunnel  F  =  K/R  and  the  modified  Bessel  functions  I0  .  It  . 
K0  and  Kx  are  tabulated  in  Reference  6.27.  For  the  ideal  slotted  tunnel  P  -  00  , 


and  Ic  becomes 


h  = 


Dc0(q)  -  qFK1(q)3q2 
[i0(q)  +  qFij(q)3 


(6.29) 


The  expression  in  brackets  in  Equation  (6.28)  is  the  solid-blockage  factor  for  a 
closed  circular  tunnel,  so  that  we  way  write 


ws  = 


€_  po 

=  -  0.40  f  Ic  dq  . 
ea>c  ° 


(6.30) 


The  variation  of  Cls  with  slot  geometry  is  shown  in  Figure  6.8  for  the  ideal  slotted 
tunnel  only.  Davis  and  Moore5,17  used  these  results  to  demonstrate  the  validity  of 
the  approximate  homogeneous  boundary  condition  (6.27)  by  showing  that  they  are  in  good 
agreement  with  the  exact  calculations  made  by  fright  and  Ward4,16. 

Zero  blockage  in  the  ideal  slotted  tunnel  occurs  when  the  abscissa  (l+F)**  =0.798  . 
i.e.  when  F  =  F0  =  0.57  .  Now  for  a  circular  tunnel  with  N  equally-spaced  slots 
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(6.31) 


d  _  277 
R  N  ' 

so  that  the  non-dimensional  slot  psraaeter  P  becomes  (Pig.  6.1) 

■  K  2  77a 

P  =  —  =  —log.  cosec —  .  (6.32) 

R  N  *  2d 

The  variation  of  the  open-area  ratio  with  the  number  of  slots  to  sive  zero  blockage  in 

aa  ideal  tunnel  is  illustrated  in  the  following  table  corresponding  to  p  =  F0  =  0.57  . 


These  values  are  far  larger  than  those  for  &  two- diaens  local  model  and  give  reasonable 
slot  widths  even  when  the  nuaber  of  slots  is  large. 

Th8  effect  of  viscosity  on  F0  is  discussed  in  Reference  6.1.  from  which  the  present 
Figure  6.9  is  reproduced*;  certain  values  have  been  transferred  to  Figure  S.8  to  indi¬ 
cate  the  possible  trend  of  the  curves  for  fl8  .  There  seeas  to  be  little  direct  evi¬ 
dence  as  to  whether  the  assumption  of  zero  viscosity  at  the  slots  is  reasonable  or  not 
in  typical  slotted  circular  tunnels.  Nevertheless  the  tests  of  Reference  6.16,  made 
in  a  tunnel  with  10  slots  and  open-area  ratio  12.5%  [(1  +  P)"*  =  0.86]  exhibit  an 
interference  of  about  the  aagnitude  expected  froa  the  curve  of  Figure  6.8.  It  seeas 
therefore  that-  if  there  is  no  information  about  the  appropriate  value  of  B/P  for  a 
given  tunnel  and  the  wall  geoaetxy  is  not  far. removed  from  that  required  to  give  zero 
blockage  for  en  ideal  tunnel,  then  it  may  be  assumed  that  /5/P  =  o  .  The  longitudinal 
pressure  gradient  of  the  model  due  to  the  solid  blockage  is  absent  for  this  condition 
only;  when  /5/P  has  a  finite  value,  the  resulting  velocity  gradient,  and  hence  the 
pressure  gradient,  may  be  calculated  from  Equation  (34)  of  Reference  6.1. 

The  wake-blockage  effects  of  a  sa&ll  three-dimensional  model  in  a  circular  slotted 
tunnel  are  discussed  in  Reference  6.28,  where  the  wake  is  replaced  hr  a  three-dimensional 
point  source  whose  strength  is  proportional  to  the  sods!  drag.  The  expressions  for  the 
axial  interference  velocity  ratio  and  the  velocity  gradient  along  tfcv  tunnel,  at  the 
model  position,  are 


Attention  is  drew  to  the  Srrata  to  Reference  6. 1,  which  corrects  the  original  Figure  4. 
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where  I-  is  the  integrand  of  Equation  (6.28)  for  the  solid-blockage  factor  and 


= 

4^2\7?r  y 


S  being  the  reference  area  on  which  the  model  drag  coefficient  is  based.  It  follows 
from  Equations  (6.30)  and  (6.34)  that,  if  the  solid-blockage  interference  is  zero, 
then  the  velocity  gradient  at  the  model  due  to  the  wake  will  be  eliminated.  Similarly 
it  may  be  shown  that  for  this  flow  condition  £m  is  zero  too. 

When  zero  solid  blockage  is  not  obtained,  the  wake  blockage  may  be  found  from 
Equation  (6.33);  the  buoyancy  correction  to  the  measured  drag  is  precisely  that  con¬ 
tained  in  Equation  (6.22). 

6.4.2  Rectangular  Tunnel  with  Slotted  Roof  and  Floor 

In  this  case  the  model  may  once  again  be  represented  by  the  doublet  whose  potential 
in  free  air  ($fi)  is  given  in  Equation  (8.25).  The  solid  side-walls  require  n  condition 
of  zero  flow  velocity  normal  to  them  and  can  therefore  be  represented  by  a  horizontal 
row  of  doublet  images  spaced  at  distances  equal  to  the  tunnel  breadth  (b) .  The  poten¬ 
tial  $r  of  such  an  image-row  can  be  derived  simply  from  (Ref.  6. 17).  Another 
potential  $g  Eay  be  added  to  to  satisfy  the  conditions  at  the  slotted  walls. 

Thus  in  an  ideal  slotted  tunnel  $  =  $r  +  $s  will  satisfy 


B§  B2^ 

Bx  BxBz 


(y  =  ±ib) 


(z  =  ±tb) 


(6.35) 


The  formal  solution  for  $s  is  given  in  Reference  6.17.  The  solid-blockage  incre¬ 
mental  velocity  at  the  model  position  has  two  components,  one  associated  with  the 
slotted,  and  the  other  with  the  solid  walls;  thus 
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After  substitution  and  some  manipulation®'3*  it  follows  that 
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where  Q0=imh/b  end,  froo  Figure  6.1, 

'  2b  ttN& 

P  =  -  log.  cosec -  .  (6.38) 

TTNh  e  2b 

The  first  tera  in  the  bracket  expresses  the  influence  of  the  solid  side-walls,  and  the 
remainder  the  influence  of  the  slotted  roof  and  floor.  In  the  special  case  P  =  0  , 
corresponding  to  a  tunnel  with  open  roof  and  floor.  Equation  (6.31)  becomes6-3' 
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and  for  P  -  oo  ,  corresponding  to  a  closed  rectangular  tunnel. 


(6.40) 


T  xponential  behaviour  of  the  Bessel  function  Kj(2wnth/b)  ensures  rapid  convergence 
of  the  series  (6.39)  and  (6.40)  which  are  most  convenient  for  computation.  In  Figure 
6.10  values  of  Qs  =  eg/(e.)c  from  Equations  (6.37)  and  (6.40)  have  been  plotted  as 
functions  of  (i  +  F)~»  for  representative  values  of  b/b  .  As  might  be  expected,  the 
effect  of  varying  F  is  greatest  for  small  values  of  h/b  ;  for  h  >  1.17b  zero 
blockage  cannot  be  achieved.  This  confirms  an  earlier  prediction  of  Wieselsberger 
(Ref.  6.7;  1942).  Numerical  values  of  (P b3€s/(8V)  are  given  in  Table  1  of  Reference 
6.34  for  tbe  complete  range  of  (1  +  F)"«  and  h/b  ;  alternatively,  the  solid-blockage 
factor  for  small  wings  nay  be  obtained  froo  Figure  6.10  with  the  aid  of  the  tunnel -shape 
parameter  T  from  Figure  5. 3  or  5. 4  of  Qiapter  V. 


Ilaeder6'25  has  used  a  somewhat  different  technique  to  evaluate  solid-blockage  correc¬ 
tions  and  has  extended  his  method  to  include  the  effect  of  model  span.  His  result  for 
a  small  model  is  obtained  by  taking  only  the  first  two  terms  inside  the  bracket  in 
Equation  (6.37).  It  can  be  shown  that  for  large  qQ 


4b2  f”  (q2  -  qg)»e-q(Fq  -  1) 

77h2  cosh  q  +  Fq  sinh  q 
So 


O(q01/2  e*2«o) 


(6.41) 


and  will  be  small.  If  h  =  1.25b  ,  the  difference  between  Maeder’s  values  of  c8  and 
those  from  Equation  (6.37)  is  less  than  0. 0006V/(£b) 3  .  but  for  smaller  values  of  b/b 
It  becomes  appreciable.  In  effect.  (feeder  assumes  the  influence  of  the  slotted  roof 
and  floor  to  be  independent  of  model  span.  Then,  for  a  model  of  span  2s  ,  the  first 
term  of  the  bracket  la  Equation  <5.37)  is  replaced  by 


1  n 

(n2-;©'2)* 


0. 1913 


cr2(8  -  crg) 
2tt(4  -  cr2)  2 


+  0.0029t2  +  0.0002a' 


T  ... 


(6.42) 


where  a  =  2s/b  .  The  effect  of  model  span,  shows  in  Figure  6.11,  is  obtained  by  adding 
the  terms  involving  a  on  the  right-band  side  of  Equation  (6.42)  to  the  bracketed 
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expression  in  Equation  (6.37).  The  curves  of  e8/(es)c  against  (1  +  F)"*  are 
thus  displaced  upwards  by  an  amount  independent  of  F  ,  but  depending  on  cr  and  h/b  . 
For  a  square  tunnel  zero  blockage  can  only  just  be  achieved  if  cr  is  as  large  as  0.8. 
Maeder’ s  treatment  does  not  hold  when  h/b  is  small  and  should  be  used  with  caution 
when  h/b  <  1  . 

The  wake-blockage  effects  associated  with  a  small  model  in  an  ideal  slotted  tunnel 
with  ventilated  roof  and  floor  are  discussed  in  Reference  6.28.  It  is  there  shown 
that  ew  may  be  taken  as  zero,  whatever  the  slot  geometry,  and  that  the  velocity 
gradient  at  the  model  vanishes  when  the  wall  is  designed  to  eliminate  solid  blockage. 
The  influence  of  viscous  flow  within  the  slots  on  the  foregoing  analysis,  cf.  Equation 
(6.18),  does  not  appear  to  have  been  considered  for  this  type  of  tunnel. 


6.4.3  Rectangular  Tunnel  with  Slots  on  Each  Vail 


This  particular  case  does  not  seem  to  have  been  treated  directly,  though  several 
authors  have  suggested  that  the  solid-blockage  effects  for  a  square  tunnel  should  he 
very  similar  to  those  obtained  in  a  circular  tunnel  of  the  same  cross-sectional  area. 
If  the  solid-blockage  factor  for  a  small  model  takes  the  form 


e 


s 


(6.43) 


where  C  is  the  tunnel  cross-sectional  area,  then  T  will  depend  on  the  tunnel  shape 
and  slot  parameter  F  ,  Fbr  example,  T  has  values  of  0.706  and  0.717  for  the  circular 
and  square  closed  tunnels  respectively,  and  for  the  corresponding  open  tunnels,  these 
values  are  -0.182  and  -0.211.  Thus,  when  the  tunnel  walls  are  close  to  the  open-jet 
condition,  the  error  in  using  the  circular- tunnel  corrections  may  be  cf  consequence. 


In  the  absence  of  direct  information,  it  seems  sore  realistic  to  use  the  existing 
knowledge  of  the  blockage  corrections  for  the  open  and  closed  square  tunnels,  which 
correspond  to  values  of  of  1.0  and  -0.294.  These  values  may  be  joined  by  a 
straight  line6-j3  or,  better  still,  by  a  scaled  version  of  the  curve  for  a  circular 
tunnel.  These  estimated  curves  for  the  ideal  slotted  square  tunnel  are  shown  in 
Figure  6.12  and  are  almost  coincident  in  the  important  region  near  zero  blockage  at 
approximately  F  =  FQ  =  0. 67 5  .  If  F  is  assumed  to  be  equal  to  K/R'  ,  where 
R'  =  /(C/77)  is  the  radius  of  a  circular  tunnel  having  the  same  cross-sectional  area, 
then  for  a  square  tunnel 

d  77a 

F  =  -  =  —j=~  log_  cosec  — 

h  vT7h  e  2d 

1  778 

=  ^loge  “sec—  .  (6.44) 

where  N  is  the  number  of  slots  on  each  wall.  Fbr  zero  solid  blockage,  the  open-area 
ratio  a/d  is  given  in  the  following  tsble. 
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N 

1 

2 

4 

6 

8 

10 

a 

100  - 
d 

19.5 

5.8 

0.53 

0.05 

0.004  5 

0. 0004 

Around  the  tunnel  periphery  there  will  be  4N  slots,  and  the  open-area  ratio  corres¬ 
ponding  to  this  number  of  slots  in  the  table  for  the  circular  tunnel  in  Section  6. 4. 1 
is  about  the  sane,  suggesting  once  more  the  correspondence  between  the  two  types  of 
tunnel.  It  seems  reasonable  therefore  to  apply  to  the  square  slotted  tunnel  similar 
influences  of  slot  porosity  to  those  already  discussed  for  the  circular  tunnel. 


The  foregoing  procedure  may  of  course  be  applied  to  a  tunnel  of  general  rectangular 
cross-section;  the  appropriate  values  of  £g  for  fully  open  and  closed  boundaries 
(Chapter  V)  would  replace  the  end  values  of  Figure  6.12.  If  the  correspondence  with 
the  equivalent  circular  tunnel  is  maintained,  then  in  place  of  Equation  (6.44) 
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v^h 


d  77a 

-7=  log.  cosec  — 
vTTbh  e  2d 


(6.45) 


One  interesting  point,  which  perhaps  strengthens  the  use  of  an  approximate  method 
similar  to  that  at  present  being  discussed,  is  revealed  by  replotting  the  known  results 
for  slotted  tunnels  in  terms  of  a  new  parameter 


?  = 


1  “  ns 


{6. 46) 


where  H'  is  the  value  of  for  the  condition  F  =  0  .  Thus  varies  between 
unity  and  zero  as  the  slotted  walls  change  from  fully  closed  to  fully  open.  As 
Figure  6. 13  shows,  most  of  the  known  results  lie  fairly  close  together.  Except  perhaps 
for  tunnels  having  a  large  ratio  of  breadth  to  height,  some  mean  curve  could  be  used 
to  estimate  the  solid-blockage  factor  for  other  configurations  including,  for  example, 
elliptical  and  octagonal  sections.  In  particular,  for  rectangular  tunnels  with  slots 
on  each  wall  the  blockage  factor  for  the  open- jet  case  must  be  determined  first;  typical 
values  of  f)'  for  a  small  centrally-situated  model  are  listed  below. 


h  b 

-  or  - 
b  h 

2.00 

1.80 

1.60 

1.40 

1.25 

1.10 

1.00 

ES 

0.449 

0.413 

0.376 

0.337 

0.313 

0.296 

0.293 

The  wake-blockage  effects  in  tunnels  with  all  four  walls  slotted  do  not  seem  to  have 
been  discussed.  For  tunnels  of  near-square  cross-section,  it  would  seem  reasonable  to 
calculate  the  appropriate  velocity  increment  and  drag  correction  from  Equations  {6.33* 
and  (6.22)  for  a  circular  tunnel  of  the  same  cross-sectional  area.  For  an  ideal  slotted 
tunnel,  it  may  be  assumed,  by  analogy  with  the  circular  tunnel  and  that  having  a  slotted 
roof  and  floor,  that  the  wake-blockage  factor  is  zero  and  that  the  gradient  at  the  model 
vanishes  for  the  wall  geometry  giving  zero  solid  Dlockage. 

I 

t 

I 

i 


369 


6.5  LIFT  INTERFERENCE  IN  TUNNELS  KITH  LONGITUDINAL  SLOTS 

The  induced  upwash  associated  with  the  walls  of  a  circular,  slotted  tunnel  containing 
a  small  lifting  wing  was  one  of  the  first  problems  of  this  type  to  be  considered,  ana 
in  the  early  work  of  Pistolesi6 ’ 14  the  exact  boundary  conditions  were  employed.  Much 
simplification  results  from  the  use  of  the  equivalent  homogeneous  boundary  conditions 
discussed  in  Section  6.2,  which  are  valid  provided  that  there  is  a  reasonable  number 
of  slots;  by  this  means  the  lift  interference  has  now  been  evaluated  for  two-  and 
three-dimensional  models  in  the  types  of  tunnel  most  frequently  employed. 

The  lifting  model  is  usually  replaced  by  a  simple  vortex  system,  for  example,  a 
single  bound  vortex  if  the  model  is  a  two-dimensional  aerofoil,  or  a  trailing  vortex 
pair  in  the  case  of  a  small  wing.  This  type  of  representation  will  be  sufficient  for 
most  purposes.  Tne  actual  interference  experienced  by  the  aodel  may  in  general  be 
regarded  as  composed  of  two  parts;  an  upwash  (or  incidence)  correction  at  the  model 
position,  and  a  "streamline  curvature”  effect  associated  with  the  variation  in  the 
wall- induced  upwash  along  the  model  length.  Tne  latter  becomes  of  importance  if  this 
length  is  of  the  same  order  as  the  tunnel  height. 

Once  again  it  is  convenient  to  discuss  separately  different  sorts  cf  models  and 
working  sections.  First,  the  two-dimensional  tunnel  will  be  considered,  and  then  three 
types  of  working  section  suitable  for  testing  three-dimensional  models. 

6.5.1  Two-Dimensional  Tunnel 

As  before,  the  aerofoil  is  considered  to  span  the  tunnel  breadth,  the  solid  side- 
walls  acting  merely  as  reflection  planes.  Hxe  interference  is  duo  to  the  pressure  of  the 
slotted  boundaries  above  and  below  the  aerofoil  which  is  replaced  by  a  two-dimensional 
vortex  of  strength  i-UcC^  . 

Wright6-28  has  developed  for  this  particular  case  the  approach  contained  in  Reference 
6.1.  which  allows  for  viscous  effects  within  the  slots.  The  potential  of  the  vortex  in 
free  air  is 


HfEk 
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tan' 


x 


(6.47) 


At  the  slotted  boundaries,  the  interference  potential  must  satisfy  Equation  (6.12). 
The  method  of  solution  is  then  similar  to  that  used  for  the  solid-blockage  interference, 
outlined  in  Section  6.3.1.  In  the  general  case,  the  induced  upwash  angle  at  the  vortex 
position  becomes 
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r  dQ 
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[sinh  q  +  Fq  cosh  q]  2  + 
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—  cosh  q 
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(6.48) 


Consider  first  the  ideal  slotted  tunnel  (P  -a>);  in  this  cast  Equation  (6.48)  reduces 
to  the  limit 
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4h(l  +  F) 


(6.49) 


which  is  independent  of  stream  Mach  number.  Ibis  lift  interference  becomes  zero  when 
the  tunnel  sails  a Pe  closed  (F  -  <a>  and  has  the  value  -ifc/h)CL  for  an  open-jet 
tunnel  (F  =  0).  For  the  condition  of  zero  solid  blockage  in  an  ideal  slotted  tunnel 
(F0  =  1.18)  the  lift  interference  is  aboat  0.46  of  that  predicted  for  a  two-dimensional 
open  jet.  Because  it  is  proportional  to  c/h  .  the  interference  may  be  of  considerable 
nagsitud^. 

Holder  ;Ref.  6.58;  1962)  has  evaluated  Equation  (6.48)  for  a  range  of  values  of  S/P  . 
His  results  are  presented  in  Figure  6. 14  in  terns  of  che  parameter 


(6.50) 


The  induced  upwash  interference  disappears  for  the  condition  ?  =  0  ,  which  represents 
a  wall  with  extresely  high  resistance  lo  cross-flow.  In  this  condition.;  2c  in  portent 
Uniting  case  is  the  closed  tunnel  (P  =  9.  F  -  od)  in  which  SQ  is  known  to  be  zero 
froo  earlier  work  on  upwash  interference.  One  inportant  feature  revealed  by  Figure  6-14 
is  that,  for  a  given  slot  geometry  (constant  F),  the  upwash  interference  decreases  as 
the  viscous  effects  grow.  This  suggests  that  in  practice  the  actual  interference  is 
likely  to  be  smaller  than  that  predicted  by  Equation  (6.49).  The  experiments  described 
in  Reference  6.24  provide  evidence  of  such  a  trend,  but  the  effect  may  not  be  attri¬ 
buted  with  certainty  to  the  influence  of  viscous  flow  within  the  slots. 


The  general  expression  for  the  induced  upwash  angl'  along  the  tunnel  axis  say  some¬ 
times  be  required;  Equation  (S)  of  Reference  6. 28  simplifies  to  give 
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where 
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For  an  ideal  slotted  tunnel  (?  -*  ®)  Equations  (6.40)  and  (6.51)  are  inconsistent.  It 
is  explained  in  Reference  6.28  that  the  uniform  upwash  corresponding  to  Equation  (6.49) 
trust  be  added  to  Equation  (6.51)  to  sake  w.  vanish  in  the  liait  as  x  -  -cc  . 
Fortunately,  if  P  is  finite,  there  is  no  singularity  in  ID  at  q  =  0  and  conse¬ 
quently  no  difficulty  at  x  =  -c:  . 


For  a  completely  closed  tunnel,  the  upwash  vanishes  both  far  upstream  and  at  the 
sodel  position.  The  well-known  lift-interference  corrections  for  an  'aerofoil  in  a 
tunnel  with  close-4  boundaries  result  froo  the  streaaline  curvature  and  are  proportional 
to  (c/h) 2  .  when  higher-order  terms  are  neglected.  The  streaaline  curvature  effect 
in  j  slotied-wali  tunnel  at  x  c  0  .  can  be  obtained  by  differentiating  Equation  {6.51)i 
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where 


[(1  -  Fq)(sinhq  +  Fq  cosh  q)  -  (8/P) 2cosh  q]qe~q 
E  [sinh  Q  +  Fq  cosh  q)  2  +  (#P)2cosh2q 

As  Glauert4'*11  points  out.  the  correction  to  incidence,  Aa  is  the  value  of  Wj/U 
at  the  aid-chord  of  the  aerofoil.  The  representative  vortex  oust  be  placed  at  the 
centre  of  pressure,  and  the  aid-chord  is  approximately  at  a  distance  c(i  +  CR/CL) 
downstream.  Then 
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=  f^5»+53S•(ic■•<c'>,  • 


(6.53) 


where.  by  Equations  (6.43).  {6.51)  and  (6.52). 

hwj  _  1 


= 


U=CL  4(1  T  F) 


when 


P  -co 


1  ta 

S  - 

iSh2  Bw. 


when 


P  is  finite  r 


„  .  -  V»I  If® 

S.  =  - - - j  IP  dq  for  all  P 

1  UcCL  Bx  77  <o  E 

The  residual  corrections  due  to  streamline  curvature  are  conveniently  expressed  as 
^equivalent  increments  to  the  coefficients  of  lift  and  pitching  acnent  about  the 
quar-cer-dicr.-i  point. 
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For  a  closed  tunnel  Sc  =  0  and  5t  =  77/24  .  and  Equations  (6.53)  sad  (6,55)  tecace 
identical  to  Equations  (2.15)  and  (2.17)  of  Chapter  II. 

For  the  ideal  slotted  tunnel  tf/P  ~  o  and 

(1  -  Pqlqe**1 


l*  = 


sinh  q  +  Fq  cosh  Q 


(6.56) 
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For  zero  solid  blockage  when  F  ~  F0  =  1-18  .  Wright6*28  has  evaluated  Sj  =-0.027  . 
which  is  small  relative  to  the  corresponding  values  for  closed  and  open  tunnels. 

Values  of  50  and  8t  at  other  values  of  F  way  be  obtained  froa  Figure  6.15,  where 
the  abscissa  (1  +  F}'1  is  &  useful  parameter  for  presenting  lift- interference  curves. 
Zero  streamline  curvature  occurs  when  F  =  1.59  . 

Tiruaalesa6*55  has  used  the  rheoelectric  analogy  to  treat  the  case  where  the  model 
chord  is  of  the  same  order  as  the  tunnel  height.  The  distribution  of  interference 
upw-^h  along  a  two-dimensional  model,  displaced  from  the  axis  of  the  tunnel,  is 
discussed  in  Reference  6.30. 


6.5.2  Circular  Tonne* 

Matthews6* 13  has  extended  the  early  «Vort  of  PiNtolesi c * 1  *  and  provides  a  general 
s-jliition  for  thG  correct  boundary  conditions;  In  special  circumstances  the  method  of 
Reference  6.15  may  be  of  great  value,  and  in  addition  it  provides  a  check  on  the  use 
of  the  less  precise  homogeneous  boundary  condition  (Section  6.2).  The  linear  form  of 
this  condition  has  been  employed  by  several  authors  for  a  lifting  wing  ir  the  centre 
of  a  circular  slotted  tunnel,  and  the*  method  devised  by  Baldwin  et  al.  e* 1  is  again  of 
significance  because  of  the  way  in  which  it  can  alloc  for  viscous  effects  at  the  slots. 


In  this  analysis  the  wing  is  replaced  by  a  small  horse-shoe  vertex,  whose  potential 
la  free  air  is 


cis.i/1  *  V"e 
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(6.57) 


where  S  is  the  wing  piaaform  area  and  x  .  r  and  G  are  the  cylindrical  co-ordinates 
The  fact  that  the  actual  span  (2s)  is  finite  introduces  higher-order  tents  which  are 
negligible  at  distances  large  compared  with  the  model  sir®.  The  interference  potential 
last  satisfy  Equation  (6.26)  and  the  boundary  condition  (6. 27):  in  Reference  6.1, 
and  its  derivative  B^/ez  are  obtained  &?  a  Fourier  transform  method. 


The  upwash  angle  at  the  model  position  Ray  b«  expressed  as 
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where 


I.  = 
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and,  8S  in  Equation  (6.28),  F  =  K/X  .  Ic  a ad  oje  modified  Bessel  functions.  Hie 

incidence  correction  is  unaffected  by  coapressibility,  except  through  &P  . 


For  o  small  model  it  is  convenient  to  express  the  lift  interference  as 
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C  being  the  tunnel  cross-section &1  area.  In  the  present  case  C  =  wR2  ,  snd  the 
interference  paraaeter 


S 


o 


(6.60) 


The-  Taluks  of  P  =  P0  required  to  give  zero  lift  interference  are  shown  in  Figure  6. 16 
against  the  slot  porosity  parameter  /3/P  . 

Davis  and  Koore**17  have  shown  that  a  wing  of  uni  fora  span  wise  loading,  represented 
us  a  horse-shoe  vortex  in  an  ideal  slotted  tunnel  gives  an  interference  parameter 
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(6.61) 


which  is  obtained  as  an  average  along  the  seal-span  0  $  y  4  s  .  Even  for  quite  large 
values  of  s/K .  only  the  first  term  need  be  considered,  so  that  it  is  sufficient  to 
write 
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(8.62) 


which  is  plotted  as  a  straight  line  against  (1  +  F)“ 1  in  Figure  6.17.  It  can  be 
shown  that  Equation  (6.60)  tends  to  this  result,  when  the  ideal  slotted  tunnel  is 
considered  by  the  Halting  process  P  -  <d  .  In  Reference  6.17  Equation  (6.62)  is 
cospared  wi*h  the  exact  values  obtained  by  Matthews*’ 15  for  tunnels  having  4.  8  and 
12  slots;  excellent  agreeaent  is  obtained  between  the  two  methods  of  solution. 


The  condition  for  zero  upwaah  interference  corresponds  to  the  value  F.  -  l.C  , 
cospared  with  a  value  of  0. 57  to  eliminate  solid-blockage  effects.  It  is  apparent 
therefore  that  it  is  not  possible  to  eliminate  both  upwash  and  blockage  interference 
simultaneously  in  a  circular  ideal  slotted  tunnel,  but.  as  Figure  6.18  shows,  this  nty 
w?ll  be  achieved  if  (3/P  has  a  value  around  0.7.  At  F  -  1.0  .  the  relationship 
between  the  total  nusber  of  slots  and  the  open-area  ratio  is  as  follows. 
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The  ideal  ze^blcehags  condition  nay  well  be  the  one  for  which  the  tunnel  is  designed; 
$0  is  then  -0.034,  which  io  of  the  opposite  sign  to  the  correction  lu  a  solid-wall 
tunnel  and  about  27%  of  Its  wa  gaits  dc. 

If  the  model  chord  it  of  the  we  order  as  the  tunnel  disaster,  snae  correction  for 
streaaline  curvature  say  bn  required.  For  the  rase  where  {3/P  is  not  zero  tee  curva¬ 
ture  can  be  obtaii-ed  at- 
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c  Bwj  c  /o^X 

olk  "  u\^Wx=r=o  ' 


•here  5  is  the  geometric  mean  wing  chord  and  is  given  tor  Equation  (46)  of 
Reference  6.1.  Reynolds  et  al.  6,23  give  curves  of  the  corrections  for  a  value  of 
F  =  C.191  appropriate  to  the  Cooperative  Wind  Tunnel  in  California  with  different 
values  of  the  porosity  parameter  P  .  The  total  correction  to  incidence  takes  the 
fora 


where 


Aa 


2-nfiR3  ewj 
USCL  dx 


(6.  $3) 


is  independent  of  Mach  mutter.  The  second  tern  in  Equation  (6.63)  represents  the 
increment  in  Wj/tJ  associated  with  a  displacement  ic  in  the  streamwise  direction, 
where  the  aerodynamic  mean  chord 


(6.64) 


This  choice  of  Aa  approximately  eliminates  any  residual  correction  to  lift,  but  there 
remains  an  approximate  pitching-moment  correction 


AC. 


*T,  *-»i  3»i 
3a  2D  &  ’ 


(6.65) 


where  the  planform  parameter  Kx,/ c  is  discussed  in  Sections  3.2.4  and  3.3.4  and 
typical  values  are  given  in  Table  3.  Ill  of  Chapter  III. 

According  to  Guderley4 * 20,  the  curvature  correction  is  very  small  in  an  ideal 
slatted  tunnel  designed  for  zero  solid  blockage.  Wright4 * 28  estimates  it  to  be  about 
-1%  of  the  correction  appropriate  to  a  closed  circular  tunnel;  he  adds  that  no  adequate 
experimental  data  exist  for  checking  the  interference  correct  ices  in  a  circular  slotted 
tunnel. 


If  the  wing  is  so  large  and  slender  that  the  wing  and  tunnel  may  be  treated  as  a 
slender  configuration,  then  the  Hunk- Jones  theory4**1  may  be  used.  In  this  case 
Tiruaalesa4*37  has  derived  a  value  of  the  lift- interference  parameter. 


C(Ao) 


(6.66) 


which  is  just  twice  the  value  given  for  a  small  wing  in  Equation  (6.62). 


-*  u.A 


6.5.3  Rectangular  Tunnel  with  Slotted  Roof  usd  Floor 

As  in  the  calculation  of  the  solid-blockage  interference,  the  effects  of  the  solid 
side-trails  but  be  adequately  represented  ter  a  horizontal  row  of  vortices  extending  in 
a  plane  containing  the  wing  span.  To  the  potential  $r  associated  with  this  row  say 
be  added  s  potential  §s  ,  so  that  the  total  $  =  +  $g  will  satisfy  the  boundary 
conditions  of  Equation  (6.35). 


The  solution  for  a  tmiforsly-loaded  wing  in  an  ideal  slotted  tunnel  is  set  out  in 
Equation  (43)  of  Reference  6. 17,  where  an  average  interference  upvwsh  in  the  plane  of 
the  wing  is  derived.  When  the  analysis  is  cocpleted  by  substituting  tnc  coefficients 
of  the  Courier  cosine  series  for  $r  and  d^Hz  ,  we  obtain,  corresponding  to 
Equation  (6.59),  the  interference  paraaeter 


*to%  1 


*o  =  z-z  u* 


•fe)  -i 


no3 b  i 

A_  sin  (mo) - j 

*  h(l  +  F)j 


(6.67) 


where 


o  =  2s fb  . 


4(b  -  n77hf>  riih  (3730) 

~  (b  +  n77hP)ea"*/b  -  (b  -  nTThP) 
In  the  Halting  case  of  saall  span  this  reduces  to 


j  _  nh  nb  r1’ 

0  7ih  h 


?SBeaPfh/i>  "  1  «1+F> 


(6.68) 


where 


B.  * 


b  4  ontf 

b  —  U7Th? 


The  influence  of  the  aodel  size  on  the  correction  factor  is  illustrated  in  Figures 
6.18  and  6.19  for  tunnels  with  h/b  equal  to  1.0  and  0.5.  As  in  the  case  of  a  circular 
ideal  slotted  tunnel,  the  conditions  for  zero  upwash  Interference  do  not  correspond  to 
ifcoae  required  for  zero  blockage  interference.  Tfaa  induced  upwash  in  this  wall  condi¬ 
tion  is  quite  large;  for  exuple,  a  square  tunnel  designed  for  zero  solid  blockage  is 
calculated  tc  have  a  lift  interference  of  aboat  -0.S3  of  the  value  for  a  closed  tunnel. 


liaedei-  el  el.  {Rer.6.29;  1955'  give  a  slsilar  emotion  to  (6.67)  ebove  for  the 
interference  upwash  at  the  aid-span  position;  this  contains  an  error  and  the  correct 
expression  is 


h  /  2  no\  fa  <r»  1 

*  ~  4ob\Mx  001  2  )  4ob  ~  BA*  ~  C(1  +  F) 


(6.69) 


wters  u&q  is  defined  in  Equation  (6. 67>.  They  point  cot,  howerer.  that  the  first- 
tern  la  essentially  associated  with  rhn  side-will  huge  sys tea  and  this  does  not  vary 
with  the  slot  parameter  F  .  The  third  ten  £*  identically  the  incidence  correction 
for  a  t*o-d(aensi*jnal  aerofoil  in  Equation  (6.  54)  and  thus  nay  be  imagined  as  giving 
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the  influence  due  to  an  aerofoil  spanning  the  tunnel  breadth  and  having  the  setae  total 
lift  as  the  wing.  These  authors  conclude  therefore  that  the  suaa&tlon  term  in  Equation 
(6. ST)  may  often  be  neglected,  as  it  merely  indicates  the  difference  in  the  slotted- 
wall  case  between  a  mean  two-dimensional  vortex  system  and  an  exact  vortex  systec.  The 


approximate  equation  for 


then  becomes 


8.  =  <S„). 


-H--) 

4\1  +  F J 


(6.70) 


which  is  independent  of  stream  Bach  number;  (S0)c  denotes  the  value  of  SQ  in  a 
closed  tunnel,  to  be  found  in  Chapter  III  for  different  value  of  h/b  .  For  a  square 
tunnel,  the  discrepancy  between  the  two  equations  is  small,  even  when  the  ratio  of 
model  span  to  tunnel  breadth  is  as  small  as  0.1  (Fig.  6. 18).  At  h/b  =  0.5  ,  however, 
the  approximate  formula  is  no  longer  valid  (Fig. 6. 19)  due  to  the  doelnant  effect  of 
the  slotted  boundaries.  Katzoff  and  Barger  (Ref. 6. 30;  1959)  have  discussed  the  limits 
of  this  approximate  method  and  give  corrections  which  say  be  applied  to  values  of  §0 
obtained  in  this  way.  By  using  the  results  contained  in  Reference  6. 30,  it  is  possible 
to  obtain  easily  the  up* ash  distribution  along  the  tunnel  axis. 

fright 6 ‘ 28  discusses  an  interesting  difference  between  the  approach  of  References 
6.25  and  6.  a  on  the  one  hand  and  Reference  6.30  on  the  other.  Katzoff  and  Barger 
ascribe  the  slotted-wall  effect  mainly  to  the  interference  on  the  bound  vortex,  whilst 
the  effect  on  the  trailing  vortices  is  used  merely  to  derive  a  snail  correction.  Maeder 
and  his  associates  *  - 2  5 .  ‘  • 2  9  consider  the  main  correction  to  cone  from  the  interference 
of  the  slotted  walls  in  the  presence  of  trailing  vortices. 

The  streamline  curvature  at  the  model  is  also  discussed  in  Reference  6.29.  Similarly 
tc  Equation  (6.63),  the  total  correction  to  incidence  is  expressed  as 


A.  =  3,  U 


where 


(6.71) 


g  -  3*i 

1  0SCL  3x 


The  correction  ter*  in  Reference  6.29  is  equivalent  to 


(6.72) 


where 


h  >  Fbq 
h  -  Pbq 


and  (Sx)c  denotes  the  value  for  %  closed  tunnel  (Chapter  III).  The  v&rietioc  «ith 
slot  geometry  for  a  tassel  with  h/b  =  0.S5  is  shows  in  Figure  6.20  as  a  fall  line. 

It  should  be  noted  that  this  result  is  vei7  approximate;  the  limiting  value  =  -0. 12 
for  F  =  0  compares  with  the  exact  value  =  -0.21  for  ?a  cpsn  floor  and  roof 
(Chapter  III).  More  accurate  results  have  been  obtained  by  Ksshtonfi’<l  using  a  three- 
dimensional  electrical  analogue,  and  these  are  shorn  in  Figure  5. 20.  T ho  difference 
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between  the  two  carves  is  Quite  large,  particularly  when  the  wall  is  designed  to  give 
zero  solid  blockage. 

For  a  sQaare  ideal  slotted  tunnel  designed  to  operate  at  zero  solid  blockage,  the 
streasline  curvature  is  about  -0.28  of  the  value  obtained  in  a  square  closed  tunnel, 
if  the  eodel  is  reasonably  snail6-28. 

The  influence  of  viscous  flow  within  the  slots  on  the  results  discussed  in  this 
section  has  been  considered  by  Holder6- 58 ,6-S9.  He  has  extended  the  analysis  of 
Reference  6.17  to  satisfy  the  boundary  condition  (6.7).  The  average  interference 
paraoeter  in  the  transverse  plane  of  a  uniformly-loaded  wing  can  be  written  as* 


=  (K),  - 


fsinh  q  +  Fq  cosh  q3  2  +  I  —  cosh  q 

IP 


/?  f  sin  (arrzx)  T  f” _ dq _ 

aver  J  /  qY  re  l2  ’ 

Jo  hj  [sinh  °n  +  Pcn  ^  ^  +  [  p  an  J 


where 


■  b&l 


The  second  tem  is  precisely  the  interference  upwash  of  s  two-diaensional  aerofoil  in 
Equation  (6.48).  For  an  ideal  slotted  tunnel  (P  -» ac 9,  this  reduces  to  the  second  ter* 
of  Equation  (6.70)  sad  the  third  term  of  Equation  (6.73)  therefore  represents  a  correc¬ 
tion  to  Equation  (6,70).  It  can  be  shown  that  Equation  (6.73)  reduces  to  Equation  (6.67) 
in  the  liait  as  P  -  m  . 

Equation  (6.73)  has  been  evaluated  bar  Holder  for  a  range  of  values  of  ft' P  ,  for  a 
square  tunnel  cross-section  and  one  where  b  =  0.5b  .  These  results  are  shown  in 
Figures  6.21  and  6.22  for  the  case  of  a  vary  snail  aodel  (a  =  0),  and  also  where  the 
rcdel  span  is  half  the  tunnel  breadth  (cr  =  0.5).  For  a  given  slot  gecaetry,  the  effect 
of  the  viscous  flow  in  the  slots  is  to  increase  the  induced  upwash,  and  for  values  of 
P/V  greater  than  about  unity  it  say  no  longer  be  possible  to  obtain  the  zero  lift- 
interference  condition.  The  value  of  P0  for  this  condition  is  also  affected  hr  the 
span  of  the  wing,  the  effect  being  particularly  narked  for  the  duplex  tunnel  cross- 


section.  The  variation  of 


with  '&?  is  shown  in  Figure  6.23. 


The  preceding  discussion  in  this  section  has  been  based  on  the  use  of  the  hewegeoeous 
boundary  condition  at  the  slotted  walls.  By  e^loying  on  electrical  analogue  technique, 
however,  it  is  possible  to  obtain  results  for  ideal  slot  flow  in  which  the  discrete 
slots  and  slats  are  represented.  Thus  s  direct  comparison  between  the  use  of  exact  and 
approximate  boundary  conditions  aay  be  aide,  and  this  has  seen  done  fcjr  Rash  ton6- 63  for 
the  case  of  a  saail  lifting  wing  Is  the  centre  of.  a  rectangular  tunnel  with  slotted 
roof  ssd  floor.  The  exact  boundary  conditions  are  represented  In  a  linearized  fora  by 


Ac  error  in  Equation  {9}  of  Reference  6.59  has  been  corrected  here. 
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Equations  (6.3).  The  interference  potential  satisfies  Laplace's  equation  subject 
to  the  discrete  boundary  conditions  at  the  roof  and  floor  in  place  of  the  hoEOgeneous 
condition  (6.12).  The  resistance  network  automatically  solves  the  finite-difference 
fora  of  Laplace*  s  equation,  and  in  Reference  6. 60  the  boundary  conditions  are  applied 
to  the  voltages  in  finite-difference  fora,  if  necessary.  Then  the  electrical  potentials 
are  measured  on  the  network,  and  these  say  be  equated  to  the  velocity  potentials, 

Rushton  has  investigated  tne  validity  of  the  homogeneous  boundary  condition  for  an 
ideal  slotted  wall  by  considering  &  rectangular  tunnel  with  h/b  =  C,  5  .  The  slotted 
roof  and  floor  had  an  open-area  ratio  (a/d)  equal  to  0.125.  Two  symmetrical  arrange¬ 
ments  of  the  slots  are  possible,  with  either  a  slot  or  a  slat  directly  above  and  below 
the  snail  wing.  Four  cases  of  each  arracgeaent  were  considered,  with  a  total  of 
N  =  2,3,4  or  6  slots  forming  the  ventilated  wall  and,  if  necessary,  half  slots  at  the 
corners.  For  the  fixed  open-area  ratio  the  slot  parameter  F  is  inversely  proportional 
to  N  .  The  interference  parameter  SQ  obtained  with  these  discrete  arrangements  of 
slots  may  be  compared  with  those  deduced  from  Equation  (6.63).  and  this  comparison  is 
shown  in  Figure  6.24  against  (1  +  F)"1  .  It  is  clear  that,  as  the  nunfcer  of  slots  is 
increased,  the  differences  between  the  exact  and  the  homogeneous  boundary  conditions 
become  smaller,  and  for  fO  6  these  differences  may  be  neglected.  Farther,  the  value 
of  SQ  deviates  towards  that  for  an  open  or  closed  tunnel  according  as  a  slot  or  slat 
lies  directly  above  the  wing.  Some  points  obtained  from  the  electrical  analogue,  but 
with  the  homogeneous  boundary  condition  at  the  slotted  wall,  are  plotted  in  Figure  6.24. 
These  agree  well  with  the  analytical  solution  from  Equation  (6. 68)  and  illustrate  the 
validity  of  the  analogue  technique. 

It  is  perhaps  worth  stressing  that  these  results  are  for  the  small  ratio  n/b  =  0.5 
and  for  one  particular  value  of  the  open-area  ratio  (0.125).  More  favourable  results 
would  be  expected  for  larger  b/b  :  many  tunnels  operate  with  an  open-area  ratio  not 
very  different  from  0. 125,  and  it  is  unusual  to  have  fewer  than  six  slots  in  a  venti¬ 
lated  wall.  One  may  conclude  then,  that  in  most  cases  of  practical  importance  the  use 
of  the  simple  homogeneous  boundary  condition  is  satisfactory. 

6.5.4  Rectangular  Tunnel  with  Slots  on  Each  Vail 

The  lift  interference  experienced  by  a  small  wing  at  the  centre  of  an  ideal  slotted 
rectangular  tunnel  has  been  considered  by  Davis  and  Moore4* 17 .  who  use  a  method  which 
involves  the  transformation  from  a  uniformly  slotted  circular  tunnel.  The  widths  of 
the  individual  slots  in  the  rectangular  tunnel  vary,  and  their  dimensions  may  be  found 
by  calculating  the  points  which  correspond  to  the  clot  edges  in  the  circular  tunnel. 

The  technique  therefore  is  less  precise  than  that  used  for  ether  cross-section  shapes 
and  geometries. 

The  general  solution  for  the  interference  parameter  50  in  the  slotted  tcnml 
involves  elliptic  functions,  but  very  simple  approximations  for  §0  may  be  derived. 

For  a  square  tunnel.  Davis  and  Moore  suggest  that 


where  F  is  defined  in  Figure  6.1;  and  for  extreme  rectangular  cross-sections 
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These  equations  give  good  approximations  to  the  limiting  values  of  oc  for  completely 
closed  or  open  tunnels.  A  straight  line  joining  these  limiting  values  results  if  80 
is  plotted  against  (1  +  F)'1  .  Equation  (6.74)  is  very  similar  in  fora  to  that  given 
in  Equation  (6.62)  for  a  circular  iaeai  slotted  tunnel.  As  shove  in  Figure  6.17,  both 
these  results  are  close  to  that  for  a  square  tunnel  with  solid  side-walls  and  ideal 
slotted  roof  and  floor.  This  would  seen  to  justify  in  part  an  assumption,  commonly 
aade,  that  the  interference  in  a  square  slotted  tunnel  is  equal  to  that  obtained  in  a 
circular  slotted  tunnel  of  the  saae  cross-sectional  area.  Reynolds  et  al.  6,23  suggest 
that  the  curvature  correction  for  a  near-square  tunnel  with  all  four  walls  slotted  may 
be  based  on  the  analogous  Equations  (6.63)  and  (8.65)  above  for  the  slotted  circular 
tunnel  having  the  saae  cross-secticual  area. 

The  method  of  analysis  proposed  by  Davis  and  lioore  is  rather  unsatisfactory,  and  it 
is  therefore  particularly  valuable  to  have  results  free  the  electrical-analogue  tech¬ 
nique  for  rectangular  tunnels  with  all  four  walls  slotted.  These  results,  presented 
by  Rush ton  in  Reference  6.60,  correspond  to  the  idea)  homogeneous  boundary  condition 
for  slotted  walls.  Three  tunnel  geometries,  with  h/b  =  0.5  ,  1.0  and  1.6  .  are 
considered  over  the  whole  range  of  slot  parameter  F  .  In  Figure  6.25  the  full  curves 
from  the  analogue  experiments  are  compared  with  the  results  deduced  from  the  linear 
relationship  suggested  by  Davis  and  Moore.  Between  h/b  =0.5  and  h/b  =  1.0  the 
linear  approximation  does  not  lead  to  large  discrepancies,  but  more  serious  errors  are 
incurred  when  h/b  =  1.6  .  The  data  given  by  Rushton  are  probably  sufficient  to  allow 
corrections  to  be  estimated  for  Bost  tunnel  geometries  at  prese  '  in  use. 

Zero  upwash  interference  in  a  square  slotted  tunnel  does  not  correspond  to  zero 
blockage;  at  the  former  condition  the  interference  correction  due  to  blockage  is  about 
0.12  of  the  value  appropriate  to  a  square  tunnel  (i.e. .  =  0.12  in  Figure  6,12). 

Conversely,  fer  the  square  tunnel  operating  at  zero  blockage,  the  upwash  will  be  about 
-0.28  of  the  closed- tunnel  value.  The  evidence  in  Figures  6.13  and  6.25  does  suggest, 
however,  that  both  interference  effects  could  be  eliminated  in  a  rectangular  tunnel 
haring  ideal  slots  on  each  wall  with  F  =  0. 8  approximately  and  a  ratio  h/b  between 
1.4  and  1,5. 
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«.6  SOME  GENERAL  REMARKS  ON  INTERFERENCE  EFFECTS  IN  TUNNELS 
WITH  LONGITUDINAL  SLOTS 

In  the  preceding  pages,  an  attest  has  been  cade  to  outline  the  techniques  and 
results  at  present  available  to  correct  aerodynamic  data  obtained  in  wind  tunnels  with 
longitudinally-slotted  walls.  It  is  apparent  that  the  moat  important  types  of  working 
section  geometry  and  shape  have  been  analysed,  for  small  models  et  least,  in  sufficient 
detail  to  enable  the  required  calculations  to  be  made.  A  summary  of  the  relevant 
figures  and  equations  is  given  in  Table  6. 1. 


The  theory  of  Reference  6. 1  is  particularly  valuable,  in  that  for  certain  cases  it 
enables  some  estimate  to  be  made  of  the  influence  of  viscous  effects  on  the  slots. 

The  theory  indicates  that  in  compressible  flow  the  primary  parameter  is  not  1/P  ,  but 
/3/p  ,  so  that  the  conditions  required  for  zero  blockage  or  zero  lift  interference  will 
vary  with  Mach  number,  even  if  P  remains  constant.  As  the  stream  Mach  number 
approaches  unity,  /3/P  will  tend  to  zero,  so  that  the  ideal  slotted  tunnel  conditions 
will  be  approached.  However,  it  is  just  in  this  range  that  the  theory  itself  becomes 
less  reliable,  and  the  magnitude  of  the  interference  effects  is  probably  best  deter¬ 
mined  hy  experimental  comparisons.  An  allowance  for  the  viscous  effects,  though 
complicating  the  interference  correction,  is  of  great  value  in  suggesting  a  mechanism 
by  which  in  real  tunnels  both  blockage  and  lift  interference  may  be  eliminated  or 
minimized  for  a  given  slot  arrangement  (Pigs.  6. 16  and  6.23).  The  viscous  effects, 
linked  as  they  are  to  /3/P  .  may  also  be  responsible  for  the  disagreement  sometimes 
observed  between  the  trend  with  Mach  number  of  the  experimental  results  and  that  pre¬ 
dicted  for  an  ideal  slotted  tunnel6*28*4*28*6'31. 

It-  is  likely  that  the  theoretical  corrections  based  on  the  linear  boundary  conditions 
of  Equations  (6. 1)  and  (6. 7)  would  have  most  validity  when  applied  to  reasonably  small 
models,  for  with  these  any  distortion  of  the  flow  field  which  may  correspond  to  a 
second-order  effect  is  likely  to  be  small  also.  Por  larger  disturbances  at  the  boundary, 
the  non-linear  condition  of  Wood6*57  must  be  considered.  Wright6*26  also  suggests  that 
the  lift  interference  is  less  well  determined  than  the  blockage  interference  in  a 
slotted  tunnel,  due  to  uncertainties  in  the  boundary  conditions  for  the  former.  This 
consideration  is  likely  to  be  of  greatest  significance  for  two-dimensional  flows 
because  of  the  appearance  in  these  cases  only  of  the  conditions  at  infinity  upstream. 
Wright  argues  that  any  significant  downward  displacement  of  the  tunnel  flow  resulting 
from  the  lift  imposed  on  the  model  will  cause  an  increase  in  the  inflow  on  the  wall 
above  the  wing  and  hence  an  increased  boundary-layer  thickness.  The  actual  boundary 
condition  in  this  region  might  then  approach  that  for  an  open  tunnel  or  resemble  the 
non-linear  condition  of  Equation  (6.4). 

Despite  reservations  of  this  type,  the  progress  Bade  in  recent  years  towards  under¬ 
standing  the  general  problem  of  slotted-wall  interference  has  been  considerable,  due 
mainly  to  the  use  of  the  equivalent  homogeneous  boundary  conditions.  Their  validity 
for  most  types  of  problem  has  been  established  beyond  doubt,  provided  the  disturbance 
due  to  the  model  is  small. 

It  will  be  apparent  from  the  foregoing  text  that,  for  a  tunnel  designed  to  have 
zero-blockage  with  a  small  model,  the  interference  corrections  will  be  considerably 
smaller  than  those  appropriate  to  either  *.  closed  or  an  open  tunnel.  In  many  cases 
the  effects  of  the  tunnel  walls  can  be  neglected  altogether;  it  is  important,  however, 
to  consider  whether  this  action  is  justified  for  each  combination  of  model  and  tunnel, 
and  whether  the  interference  quantities  could  become  comparable  with  the  permitted 
tolerances  ir.  t.he  observations. 


6.7  THE  PERFORATED  WALL 

The  other  for*  of  ventilated  boundary  in  coaoon  use  contains  regularly-spaced 
openings  into  the  surrounding  plenum  chamber,  the  dimensions  of  the  openings  being 
small  compared  with  the  tunnel  height  or  breadth.  Such  walls  are  usually  called 
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‘perforated’ .  The  perforations  may  be  of  various  shapes,  but  most  frequently  they  are 
circular,  with  the  axes  of  the  holes  normal  to  the  plane  of  the  wall.  Occasionally, 
for  reasons  connected  with  the  need  to  minimize  wave  reflection  at  low  supersonic 
stream  speeds,  the  hole  axes  may  be  inclined  away  from  the  normal. 

There  is  an  important  difference  in  the  behaviour  of  a  wall  containing  an  array  of 
small  perforations  and  one  having  longitudinal  slots  along  the  working  section.  In 
the  former  case  any  pressure  difference  between  the  working  section  and  the  plenum 
chamber  is  primarily  due  to  viscous  effects  in  the  slot,  the  resulting  pressure  change 
being  given  by  Equation  (6.6).  With  a  perforated  wall  a  pressure  difference  is  associ¬ 
ated  with  a  cross-flow,  even  if  viscosity  is  ignored.  For  convenience,  the  solid  part 
of  the  wall  may  be  likened  to  a  lattice  of  small  lifting  wings  whose  incidence  is  the 
flow  inclination  to  the  wall  (vn/U).  Thus  one  may  write  approximately 


Sp  cc  ypU2  Is.  cc  pDvn 
U 


(6.77) 


so  that 


pU 

~P  Ita  ' 


(6.78) 


where  p„  is  the  pressure  in  the  plenum  chamber.  This  is  precisely  the  Equation  (C.  6) 
used  for  estimating  the  influence  of  viscosity  on  interference  effects  in  tunnels  with 
longitudinal  slots.  Unless  otherwise  stated,  it  will  be  assumed  that  a  perforated 
wall  has  the  linear  pressure-drop  characteristics,  implied  by  Equation  (6.78),  where 
the  porosity  parameter,  P  ,  is  mainly  dependent  on  the  wall  geometry  and  stream  velocity. 
In  general,  P  must  be  determined  experimentally  for  the  particular  wall  geometry  of 
interest  and  at  the  required  stream  Mach  number.  Theoretical  values  for  P  have  so 
far  only  been  obtained  for  single  and  multiple  slots  transverse  to  the  flow  direction 
(Refs.  6. 19.  6.32,  6.42.  6.47).  In  the  case  of  the  single  transverse  slot  it  has  been 
shown6' 5“,  contrary  'o  Reference  6.57,  that  separation  on  the  plenum-chamber  side  of 
the  wall  does  not  affect  the  linear  form  of  the  pressure-drop  equation. 


The  experimental  cross- flow  characteristics  of  perforated  walls  art  discussed  in 
some  detail  by  Goethert  in  Reference  6.32,  and  further  information  is  contained  in 
References  6. 22,  6. 38  and  6. 47.  For  circular  holes  with  axes  normal  to  the  wall  there 
may  be  a  small  decrease  in  P  as  the  stream  Mach  number  rises.  The  wall  boundary 
layer,  which  develops  move  rapidly  along  a  perforated  wall  than  along  a  longitudinally- 
slotted  wall6'‘6,6'“9*6':,3,6'S6I  may  have  a  aarked  influence  on  the  observed  porosity 
parameter  and  on  the  range  over  which  the  linear  variation  of  pressure  diff  nee  with 
flow  inclination  is  aaintained.  Markedly  non- linear  effects  can  be  obtained  .c  small 
cross-flows,  if  the  displacement  thickness  of  the  boundary  layer  is  large  compared  with 
the  hole  diameter.  Similar  deviations  nay  be  obtained  if  the  wall  thickness  is  compar¬ 
able  with  the  hole  size;  in  addition,  the  hole  say  now  act  as  a  diffuser,  so  that  the 
overall  pressure  change  across  the  wall  is  reduced.  It  has  also  been  found  experi¬ 
mentally  6  ,5S,  that  the  cross-flow  characteristics  of  a  perforated  wall  are  changed,  if 
the  working-section  length  is  short  compared  with  the  tunnel  height.  These  and  other 
aspects  of  perforated-wall  behaviour  are  considered  in  Reference  6.32;  it  is  sufficient 
here  to  note  that  the  theoretical  analysis  of  boundary  interference  in  perforated-wall 
tunnels  assumes  a  pressure-drop  relationship  of  the  linear  fora  given  by  Equation  (6. 78) 
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and  a  si®le  linearized  hoaogenecus  boundary  condition  at  the  perforated  wall,  which 
is  equivalent  to  Equation  (6.5).  viz. 


i  3$ 

— —  =  0  . 
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(6.79) 


It  is  perhaps  necessary  to  consider  briefly  the  difference  in  the  behaviour  of  a 
perforated  wall,  and  one  which  is  truly  porous.  In  the  latter  esse  friction  effects 
dominate  the  flow,  and  the  pressure  dr®  is  directly  proportional  to  the  mass  flow 


through  the  wall1 


The  equation  analogous  to  (6.78)  is  then 


%>  =  P  -  Pc  = 
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P  V“  (P‘0)  on 


(6.80) 


The  porosity  parameter  P  for  a  perforated  wall  is  replaced  fey  PfU  and  thus  depends 
directly  on  the  stream  velocity.  This  is  an  undesirable  characteristic  which  is  partly 
responsible  for  the  limited  use  made  of  porous-wall  tunnels.  Analyses  for  wall  inter¬ 
ference  in  tunnels  with  porous  walls  (e.g. ,  Ref.  6.21)  are  immediately  applicable  to 
the  perforated  case,  provided  that  the  porosity  parameter  is  defined  by  Beans  of 
Equation  (6.78).  Conversely,  the  results  set  out  in  the  subsequent  sections  of  the 
present,  text,  with  perforated  tunnels  in  mind,  nay  be  used  for  tunnels  with  porous 
walls. 

It  is  apparent  that  an  actual  perforated  wall  may.  in  certain  flow  conditions,  not. 
conform  to  the  behaviour  of  the  idealized  wall  assuued  in  the  analysis;  to  this  extent 
it  may  be  argued  (as  in  Reference  6.28)  that  the  corrections  for  wall- interference 
effects  in  perforated  tunnels  are  less  soundly  based  than  in  the  case  of  longitudinally 
slotted  boundaries.  Nevertheless,  it  is  felt  that  the  simple  theory  at  present  avail¬ 
able  does  give  a  valuable  indication  of  the  approximate  magnitude  and  trends  of  the 
interference  effects  in  wind  tunnels  having  perforated  boundaries. 

As  will  be  shown  below,  the  oar ana ter  determining  the  interference-free  flow  is 
j3/p  ,  where  P  is  defined  by  Equation  (6.73)  and  is  dependent  mainly  on  the  wall 
geometry.  Thus,  to  maintain  a  constant  value  of  ,5/P  ever  the  complete  range  of  test 
Mach  number,  the  wall  geometry  wop Id  need  to  be  continuously  varied.  In  contrast,  the 
interference- free  condition  for  an  ideal  slotted  tunnel  i„  usually  independent  of 
stress  tech  number  and  attained  simply  through  a  specific  value  of  the  geooetric  para¬ 
meter  P  =  F0  (Pig. 6.1).  This  distinction  is  sometimes  used  as  an  argument,  that  the 
perforated  wall  is  less  suitable  as  a  boundary  for  subsonic  tunnels  than  one  having 
longitudinal  slots.  However,  when  viscous  effects  are  present,  so  that  F0  is  a dw  a 
function  of  ,5/P  ,  experimental  evidence  suggests  that  the  value  of  P  for  slctted 
walls  is  not  greatly  influenced  fey  stream  aach  nuaber,  and  hence,  as  in  the  case  of  a 
perforated  wall,  continuous  variation  of  wall  geometry  is  strictly  required  to  sain  tain- 
interference- free  conditions.  The  relative  advantages  of  the  two  types  of  wall  are 
then  less  obvious. 

As  the  stress  Karh  number  approaches  unity.  0/?  tends  to  zero,  and  the  perforated 
tunuel  behaves  sore  and  core  like  an  open  jet.  In  this  flow  regime  the  linearized 
theory,  cm  which  the  analysis  is  based,  is  of  limited  validity;  the  interference 
present  oust  therefore  fee  calculated  fros  flow  equations  with  the  proper  transonic 
approximations. 
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However,  the  choice  cf  the  geometry  of  &  perforated  wall  say  be  influenced  by  con¬ 
siderations  other  than  the  need  to  sinimize  subsonic  wall  interference.  Par  tunnels 
which  are  required  to  operate  at  transonic  and  low  supersonic  speeds.  a  perforated  wall 
can  be  designed  to  reduce  shock-wave  reflections 6 *?z:  the  open-area  ratio  of  such  a 
wall  (as  well  as  the  inclination  of  the  holes  to  the  wall  surface)  say  well  be  very 
different  froa  that  which  would  be  chosen  solely  to  satisfy  the  need  for  snail  wall 
interference  at  subsonic  speeds.  More  specifically,  the  velue  of  /?/P  for  a  wave- 
cancellation  wall  aay  be  as  low  cs  0.3.  so  that  the  tunnel  behaves  rather  like  an 
open-jet  configuration  and  corrections  for  wall  interference  are  far  froa  negligible. 

In  soee  cases,  however,  there  aay  be  an  incidental  advantage  in  operating  the  tunnel 
away  from  zero-interference  conditions;  the  longitudinal  pressure  gradient  dong  the 
tunnel  axis  and  the  streamline  curvature  say  then  be  smaller,  so  that  a  more  uniform 
interference  effect  is  achieved  over  the  whole  length  of  the  model. 

It  is  clear  that  the  actual  design  of  a  perforated  wail  can  be  a  compromise  between 
conflicting  requirements.  Nevertheless  in  the  present  text  scee  stress  will  continue 
to  be  laid  on  conditions  which  achieve  zero  wall  interference  at  subsonic  speeds. 
Sufficient  data  are  presented,  however,  to  enable  the  corrections  to  be  calculated  for 
a  wide  range  of  /S/P  . 


6.8  TIO- DIMENSIONAL  BLOCKAGE  IN  TUNNELS  KITH  PERFORATED  RALLS 
6.8.1  Solid  Blockage 

The  solid-blockage  interference  experienced  by  a  two-dimensional  model  in  a  per¬ 
forated  tunnel  was  considered  independently  hy  Goodman  (Ref.  6. 21;  1950)  and  Kassner 
(Ref.  6. 35;  1952).  Both  authors  use  the  boundary  condition  (6.79).  Later,  a  solution 
was  obtained  hy  Baldwin  et  al.  6,1  as  a  special  case  (K  =  0)  of  the  homogeneous  boundary 
condition  (6.7)  for  longitudinal  slots  with  viscous  flow.  The  interference  potential 
%  ,  and  hence  the  longitudinal  interference  velocity  increment  at  the  model  position 
AUS  ,  may  be  found  similarly  to  that  for  Ion  fcudinal  slots,  discussed  in  Section  6.3.1. 

Alternatiyslir-arPburier  analysis  method,  or.  foIIbwlBg~Sassncr,  a-  madfrfied  image 
method,  may  be  employed.  The  solid-blockage  factor  €s  is  most  conveniently  expressed 
in  terms  of  .Qg  .  the  ratio  of  its  value  in  the  ventilated  tunnel  to  that  ia  a 
geoaetrically-siailar  tunnel  with  closed  walls.  For  a  two-dimensional  model  in  e 
perforated-wall  tunnel  a  simple  equation  for  this  ratio  is 


!  where  u  =  cot'  l(3/ P)  aay  vary  between  zero  and  fv  ,  the  value  for  an  open-jet  tunnel, 

j  The  variation  of  fis  with  porosity  parameter  is  shown  in  Figure  €.26.  Zero  solid 

j  blockage  occurs  when  /2/p  =  1. 28  ;  a  result  close  to  this,  but  derived  in  a  different 

way,  was  obtained  by  Brescia  (Ref.  6. 40;  1952). 

The  boundaries  of  a  perforated  tunnel,  unlike  ideal  slotted  walls,  induce  a  velocity 
gradient  along  the  model  due  to  the  solid  blockage.  At  the  cod el  position  this  gradient 
may  be  obtained  from  Equation  (6. 18)  with  F  =  9  . 


(6.62) 
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^  broken  curve  in  Figure  6.21  suggest*  that  (ACD)S,  xs  rougbl.  * 
es(0)  is  zero. 
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6.8.2  Sake  Blockage 


_  .  .t6.2*  hiS  considered  the  wake-blockage  effects  experienced  i?/  an  &er°f°j^  *V 

perforated  tunnel  tor  methods  tuSe/Itf*  denoted 

blockage  factor  in  the  perforated  tunnel  to  J»t  in  the  closeo  umn  -j 

by  0.  .  and  for  the  two-dimensional  aerofoil 
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The  variation  of  ft,  with  PfP 


is  about  -0.57; 
blockage. 


for  PfP  >1.28 


is  shorn  in  Pigure  S.26.  At  zero  solid  blockage.  0, 
the  wake  blockage  would  tend  to  counter  the  sol-d 
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vanishes  when  the  solid  blockage  r°*  \  -nd  /6  22)  where  H.  now  takes  the 

drag  correction  are  given  by  Equations  (6. SI)  and  {6.22).  wfcere  Si,  now  w 

appropriate  vilue  from  Equation  (6.81). 
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6.9  THREE- DIMENSIONAL  BLOCKAGE  IN  TUNNELS  WITH  PERFORATED  BALLS 


6.S.1  Circular  Tunnel 


The  solid  blockage  of  a  small  body  In  a  circular  tunnel  of  radius  R  say  be  solved 
by  similar  octbods  to  tbose  used  in  considering  the  slotted  tunnel.  Goodman 6-34  pro¬ 
vided  the  first  solution  in  1951.  At  the  model  position,  the  blockage-factor  ratio 
H,  becomes 


ns  =  -0.40  1*1(5  dq 
"0 


(6.84) 


with 


tg0(q)i0(q)  -  QfrP^teli^qljq2 
G  “  ti„(q)32  +  [(/8/p)i j(q>]  2 

where  the  modified  Bessel  functions  I0  .  I,  ,  K0  and  K ,  are  tabulated  in  Reference 
6.27.  The  variation  of  Qg  with  P  in  shewn  in  Pigure  6.28,  and  zero  solid  blockage 

occurs  for  flfP  equal  to  1.22. 

Once  again  the  velocity  gradient  at  the  model  position  may  be  obtained  directly  by 
twice  differentiating  the  interference  velocity  potential  from  Equation  (34)  of  Reference 
6. 1;  hence 


=  (0  °  ”pr 

«  8  c  fiR  [P  J0  tl0(q)j  2  +  [(/S/Pjl^q)]2 


(6.85) 


According  to  Wright *■ 28  the  expression  in  square  brackets  is  equal  to  1.47  when  3/P 
has  the  value  1. 22  appropriate  tv  zero  solid  blockage.  This  is  confirmed  by  independent 
calculation  and.  not  unlike  ibv  two-dimensional  case  In  Figure  6. 27,  the  expression  is 
close  to  its  maximum  value  that  occurs  near  fi/P  =  1.6  . 


In  considering  the  «akv  blockage,  the  model  wake  may  once  more  be  represented  «y  a 
three-dimensional  sourev.  The  oake- blockage  factor  at  the  model  position  is  obtained 
as  a  special  case  of  aquation  (6.33). 
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A  curve  of  agaigst  /3/P  is  shewn  in  Pigure  6. 28;  this  only  vanishes  for  an  epea- 
jet  tunnel  {fifP  -  Q ).;  acd  no  perforated  wall  geometry  will  remove  the  wake-blocksge 
effect.  For  a  tunnel  designed  to  have  zero  solid  blockage  R*  =  -0.43  .  As  in  tise 
two-dimensional  case  below  Equation  (6. 83),  the  limit  =  -1  as  &P  -  os  cannot  be 
identified  with  the  definition  H,  =  1  for  a  closed  tunnel.  An  expression  for  the 
variation  of  the  wake  blockage  along  the  axis  of  the  tunnel  for  different  values  of 
is  given  in  Reference  6.45.  As  in  Equation  (6.34)  the  gradient  at  the  sod  el 
position  is 
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where 


danced  in  Equation  (6.84),  is  identical  to 


in  Equation  (6.28)  with 


?  =  0  .  It  follows  that  the  wake-blockage  gradient  vanishes  with  the  solid  blockage. 
6.9.2  Xectasgalar  Tunnel 

Blockage  effects  do  not  sees  to  have  been,  considered  for  &  rectangular  tunnel  having 
either  two  opposite,  or  all  four,  walls  perforated,  A  working  section  with  four  per¬ 
forated  walls,  nay  be  regarded  as  having  siailar  interference  characteristics  to  a 
circular  tunnel  of  the  ssae  cross-sectional  area,  provided  the  height/breadth  ratio  is 
near  unity.  The  results  of  Section  6.9. 1,  or  Figure  6.28,  may  then  be  used  for  a  saall 
model  aounted  on  the  axis  of  the  tunnel. 


6. 10  LIFT  INTERFERENCE  IN  TUNNELS  WITH  PEI70SATED  9 ALLS 
6.19.1  Two-  Dine w  iooal  Tuaael 

The  lifting  aerofoil  nay  be  represented  by  a  two-dimensional  vortex  having  the  sane 
circulation.  The  subsequent  analysis  is  then  very  sisiiar  to  that  for  the  solid- 
blockage  interference,  and  is  set  out  in  acta  11  by  Wright  in  Reference  6.28.  The 
boundary-induced  upwash  at  ths  sodel  position  is 
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(6.88) 


Since  the  general  expression  for  W.A1  becomes  zero  far  upstream  fro*  the  model. 
Equation  (6.86)  represents  the  coaplete  interference  upwash  acting  on  a  saall  aerofoil. 
For  the  closed  tunnel  (P  =  0)  wi  is  zero,  but  for  any  other  value  of  P  some  induced 
upwash  must  be  present;  in  the  Halting  case  8/P  =  C  ,  the  value  Wj/B  =  -i^c/h)^ 
is  consistent  with  an  open  tunnel.  Equation  (6.88)  aay  be  recast  in  terms  of  the 
interference  parsaeter 


B  =  2!l  = 

0  UcC. 

li 


*  a-i/  r  ' 

-  cot  (  — 


(6.89) 


which  is  plotted  in  Figure  6.2S;  at  zero  sol id- blockage  conditions,  the  correction  is 
0.42  of  that  appropriate  to  the  open  tunnel. 

Wright  has  also  considered  the  streamline  curvature  at  the  sodel  position  and  shows 
that  this  aay  be  expressed  as 


{-©••(SO  • 


(8.90) 


where 


£  =  tan"1C^'P)  =  T77  -  n 


The  quantity  in  square  brackets  is  identical  in  for*  to  that  arising  in  the  express ioe 
for  the  3oiid  blockage  of  a  two-dimensional  eodel  in  Equation  (6.81),  bat  sow  contains 
(jTt  -  u)  in  place  of  ft  .  It  follows  that  the  streamline  curvature  will  be  zero  for  a 
value  8/P  =  0.78  ,  the  reciprocal  of  that  which  eliminates  the  solid  blockage.  An 
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equation  siailar  to  (6.90)  ns  obtained  by  Brescia6'  *".  a*ing  *  different  safclytical 
approach.  The  interference  parameter 
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is  also  plotted  as  a  function  of  £/P  in  Pigure  6. 29;  the  streaaline  curvature  in  the 
two-dinensicnal  perforated  tunnel,  designed  to  have  zero  solid  blockage,  is  as  auch  as 
0.46  of  the  value  appropriate  to  a  closed  tunnel.  The  corrections  to  incidence,  lift 
and  Quarter-chord  pitching  aoaent  are  given  by  Equations  (3.53)  and  (6.55). 
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where  the  Quantities  SQ  and  Sx  for  a  given  porosity  parameter  nay  be  taken  fro* 
Equations  (6. 89)  and  (6. 91)  or  froa  Figure  6. 29. 

6.10.2  Circular  Tunnel 

The  corrections  for  a  saall  wing  in  a  circular  perforated  tunnel  nay  be  considered 
as  special  cases  of  these  derived  in  Reference  6. 1  for  the  general  ventilated  wall 
having  both  porosity  and  longitudinal  slots.  The  original  solution  by  Goodman6' 36 
considered  only  the  perforated  tunnel.  The  induced  incidence  at  the  aodsl  position 
aay  be  expressed  as 


!i  = 


77?  -0 


dq 
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where  Ipo  is  the  Integrand  of  Equation  (6. 58)  with  the  substitution  F  =  0  .  As  in 
Equations  (6.59)  and  (6.60),  the  interference  paraaeter 


becomes 
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(6.94) 


The  variation  of  SQ  with  /3/P  is  shewn  in  Figure  6.30.  Zero  lift  interference 
occurs  when  /3/P  =  1.23  ,  cohered  with  S/P  =  1.22  required  to  reaove  the  solid- 
blockage  velocity  increment.  Thus,  at  zero  solid  blockage.  $0  will  be  only  0.04  of 
its  value  in  a  closed  circular  tunnel.  The  narked  contrast  between  this  case  (P  =  0) 
and  the  ideal  slotted  tunnel  (2/P  =  0)  is  illustrated  in  Figure  6. 16. 

The  flow  curvature  at  the  origin  can  be  obtained  directly  froa  Equation  (47)  of 
Reference  6.1,  which  gites 
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•here 
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At  zero  sol  id- blockage  conditions,  the  streaalire  curvature  is  large,  0.59  of  its  value 
la  a  closed  tunnel1'28.  The  corrections  to  incidence  and  pitching  aowent  folio*  fro* 
Equations  (5. 83)  and  (6.65)  and  say  be  evaluated  with  The  aid  of  Figure  6.30. 

Goodsan4*34  points  oat  that  for  the  perforated  tunnel  a  solution  to  the  uprash  at 
the  aodel  position  say  not  be  deduced  tor  considering  the  flow  in  a  plane  far  downstreao- 
In  the  closed  or  ideal  slotted  tunnel,  for  exaaple,  the  up* ash  at  this  position  is 
twice  that  at  the  eodel.  and  this  analogy  say  be  used  to  simplify  the  analysis.  The 
bcaogeneous  boundary  condition  for  the  perforated  circular  tunnel  is 


»  i  B$ 
Bx  ’  P  Br 


=  0  ; 


(6.S6) 


Since  B3/Bx  =  0  in  the  distant  wake,  the  boundary  condition  at  infinity  downstream 
reduces  to 


(6.97) 


the  boundary  condition  for  a  closed  tunnel.  It  is  necessary  therefore  to  consider  the 
three- dincnaional  flow  at  the  aodel  position  in  solving  the  interference  problem. 

Goethert4'32  suggests  a  physical  reason  far  this  behaviour  of  the  perforated  call. 
The  wall,  acting  like  a  lattice  of  eJenentary  wings,  generates  free  vortices  at  posi¬ 
tions  away  froa  the  axis  of  the  tunnel.  The  distant-waks  analogy  holds  true  for  each 
elcnentary  vortex;  but,  since  these  are  not  all  generated  in  the  transverse  place  of 
the  aodel,  x  =  0  ,  the  analogy  does  not  hold  for  the  ccsplete  vortex  systea. 


6.10.3  Rectangular  Tswrarl 

The  interference  experienced  hr  a  snail  lifting  wing  in  a  rectangular  tunnel  seees 
only  to  have  been  partially  solved,  the  major  contribution  cosing  fro*  an  early  paper 
by  Goothan  (Ref.  6. 39;  1951).  Re  considers  the  case  of  a  wing  scanted  between  two 
infinite  perforated  walls,  either  vertical  or  horizontal.  The  wing  itself  is  replaced 
in  the  analysis  hy  an  infinites i*»l  horse- she?  vortex,  ror  vertical  sails,  the  inter¬ 
ference  up  wash  at.  the  wing  is  given  by 
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sad  this  may  be  expected  to  hold  if  h/b  is  large  enough.  Similarly,  if  h/b  is 
small  enough.  Goodman’s  result  for  horizontal  perforated  walls  may  be  used. 
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Values  of  (b/h) SQ  from  Equation  (6.98)  and  of  (h/b)S0  from  Equation  (6.99)  are 
plotted  against  porosity  paraseter  in  Figure  6. 31;  zero  lift  interference  occurs  for 
p/9  -  9.81  and  1.50  respectively.  The  equations  be  cone  identical  to  Equations  (6.75) 
and  (6.76)  in  the  Uniting  cases  of  closed  (/V?  -  co)  and  open  jet  (/2/P  =  0)  tunnels. 
Some  idea  of  the  range  of  applicability  nay  be  obtained  frca  Figure  6.32  where  these 
limiting  results  are  compared  with  exact  values  calculated  froa  the  usual  image  Methods 
(Chapter  III).  For  the  closed  tunnel,  it  would  sees  that  the  horizontal  walls  have 
negligible  Influence  when  h/b  >1.25  ,  and  the  vertical  walls  when  h/b  <  0.4  . 
Sinixarly,  for  the  open  jet,  the  discrepancies  can  be  ignored  unless  0.8  <  h/b  <  2.5  . 

Unfortunately,  many  existing  tunnels  are  nearly  square,  and  it  would  sees  best  in 
these  cases  to  estimate  SQ  free  the  curve  of  Figure  6.30  for  a  circular  tunnel.  This 
is  reproduced  in  Figure  6. 31  and  suggests  that  the  tunnel  with  vertical  walls  only  is 
a  good  approximation  for  £/P  >  2.0  ,  and  the  tunnel  with  roof  and  floor  only  is  useful 
for  /2/P  <  0. 5  .  For  the  intermediate  range  of  3/P  .  curves  of  SA  against  h/b  in 
Figure  6.33  have  been  estimated  graphically  by  identifying  the  square  and  circular 
tunnel  and  using  the  asymptotic  formulae  (6. 98)  and  (6.99)  for  large  and  small  h/b  . 

Goodman  does  not  consider  the  curvature  induced  by  the  perforated  boundaries,  but 
it  may  be  obtained  as  a  direct  extension  of  his  analysis. 


6. li  APPLICATION  OF  CORRECTION  FACTORS 

The  ways  in  which  blockage  and  lift  interference  nay  be  used  to  correct  the  measured 
quantities  are  discussed  in  Sections  5. 8  and  3. 2. 4  respectively. 


The  blockage  factor  eB  =  eg 
number  by  means  of  the  equation 


=  es  +  determines  the  increment  to  the  measured  Kach 


AM  =  (1  +  0. 


(6. 100) 


in  addition,  there  are  corrections  to  other  stream  quantities,  such  as  density  and 
Reynolds  number.  Alternatively,  corrections  aay  be  applied  to  the  measured  force  and 
pressure  coefficients.  If  corrections,  sach  as  Equation  (6. 100) ,  are  applied  to  strea 
quantities,  then  there  remains  a  correction  to  drag  coefficient  doe  to  longitudinal 
pressure  gradient. 
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lhere  tie  equivalent  voiuae  of  the  Bodel  V8  say  be  estiwated  front  Equation  (5. 85) 
and  Figure  5.2.  In  two-dimensional  flow  (ACs)sg  .  the  first  tern  on  the  right  hand 
side  of  Equation  (6.101),  is  given  by  Equation  (6.19). 


Ste  interference  upwash  oc  a  lifting  sodel 
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(6. 102) 


leads  to  incremental  corrections  to  incidence,  drag,  lift  and  pitching  aasat.  For  a 
three -dineesional  aoael  in  a  rectangular  tunnel 
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where  the  planfora  parameter  A.z,/c  is  discussed  and  tabulated  in  Chapter  III.  Corres¬ 
ponding  fonnilae  for  a  circular  tunnel  are  given  in  Equations  (6.63)  and  (6.65).  In 
two-dimensional  flow  there  is  no  correction  to  drag;  the  corrections  to  incidence,  lift 
an d  pitching  moment  are  given  tor  Equations  (6.92).  In  correcting  the  pitching  accent 
for  a  complete  aircraft  model,  care  must  be  taken  to  evaluate  the  change  in  interference 


op  wash  between  the  wing  and  the  tail  surface;  the  linear  dependence  of 
assuoed  in  Equation  (6.102),  May  not  be  accurate  enough. 


w ,/U  on  x 


The  evaluation  of  interference  corrections  requires  the  knowledge  of  eg  ,  ef  , 
3eg/3x  ,  S0  and  Sj  .  Table  6. 1  is  a  guide  to  the  available  infora&tion  for  tunnels 
with  slotted  or  perforated  walls. 
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Pig. 6. 7  Longitudinal  pressure  gradient  at  the  model  associated  with  solid  blockage 
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Pig. 6. 9  Values  of  slot  and  porosity  .paraseters  required  to  give  zero  solid  blockage 
for  a  scall  three-dieensional  nodel  in  a  circular  tunnel 
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Pig.  6. 16  Values  of  slot  and  porosity  parameters  required  to  give-  zero  upwash 
interference  for  a  small  three-dimensional  model  in  a 
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NOTATION 


A  aspect  ratio  of  ring 

b  breadth  of  tunnel 

B  cross-sectional  area  of  wake  at  plane  2  (Pig.?.  1) 

c  chord  of  wing 

C  cross-sectional  area  of  tunnel 

CD  drag  coefficient  =  D/qS 

Cao  profile  drag  coefficient 

CDs  separated- flow  component  of  CD  (Pig.?. 6) 

CDr  vortex- induced  drag  coefficient 

Cj  jet  Boaeutua  coefficient  =  woaentuw/qS 

CL  lift  coefficient  =  lift/qS 

Cp  pressure  coefficient 

Cpb  base-pressure  coefficient 

CT  thrust  coefficient  =  thrust/qS 

D  drag 

h  height  of  tunnel 

k  base-pressure  paraaeter  in  Equation  (7.1) 

l  length  of  body 

l  distance  along  wake  of  lifting  rotor 


A 

l  * 


} 


J 


■  =  B/S 

Pb  base  pressure 

q  dycacic  pressure  of  undisturbed  strtaa 

R  radius  of  vortex  ring 

s  seal-span  of  wing 

S  area  of  plaafora  of  wing,  reference  area 
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t  thickness  of  bod? 

U  relocity  of  undisturbed  stress 

*  z-cowpocent  of  velocity 

*0  upward  velocity  induced  at  centre  of  rotor 
interference  upwssh  velocity 
V  non-diwensional  downvash  in  Equation  (7.13) 

Wj  =  1  for  vertically  directed  doublets  in  Equation  (7.14) 

»2  =  1  for  horizontally  directed  doublets  in  Equation  (7.15) 

x  streaowise  distance 

y  apanwise  distance 

z  '  upward  distance 
a  incidence  of  wing 

P  circulation 

$0  up wash  interference  paraaeter  in  Equation  (7.18) 

up wash  interference  paraaeter  for  wake  of  horizontal  doublets 

8W  non-diwensional  Wj  in  Equation  (7.17) 

A  prefix  denoting  increment  due  to  well  interference 

€  blockage  factor  =  Au/U 

i  =  2z/h 

1?  =  2r/h 

6  blockage  factor  for  bluff-body  flow  in  Equation  (7.6) 

£  -  2x/h 

o  ~  {£*  +  if  *  C2)* 

r  angle  of  deflecticc  of  jet  flap 

X  wake  skew-angle  of  lifting  rotor 

Subscript 

c  denotes  corrected  value. 


BLUFF  BODIES  AND  HIGH-LIFT  SYSTEMS 


E.C.Maskell 


7.1  INTRODUCTION 

The  extent  to  which  it  is  possible  to  establish  corrections  for  boundary  constraint 
on  a  given  flow  depends  largely  on  the  extent  to  which  a  theory  of  the  corresponding 
unlimited  flow  has  been  developed.  Thus,  for  any  unlimited  flow  that  is  well 
represented  by  classical  aerofoil  theory,  it  is  usually  possible  to  derive  constraint 
corrections  more  or  less  rigorously,  as  the  foregoing  chapters  have  shown.  But  for 
other  kinds  of  flow  field,  some  of  which  have  assumed  great  practical  importance  in 
recent  years,  the  situation  is  much  less  satisfactory,  because  the  mechanism  of 
non-stream ine  flows  is  much  less  well  understood.  The  difficulty  in  such  cases  is 
a  fundamental  one,  that  of  establishing  a  mathematical  model  of  a  flow  that  is 
sufficiently  realistic  and,  at  the  same  time,  amenable  to  theoretical  development; 
its  resolution  has  been  attempted  in  relation  to  only  the  few  specific  problems  which 
form  the  basis  of  the  present  chapter. 

The  feature  of  an  external  flow  that  distinguishes  one  kind  of  flow  field  from 
another  is  the  manner  in  which  the  wake,  in  particular  the  near  wake,  forms  behind  the 
body  and  interacts  with  the  flow  over  the  body  itself.  For  most  streamline  flows  this 
interaction  is  accounted  for  adequately,  if  the  wake  is  represented  simply  as  a  plane 
sheet  of  streamwise  trailing  vortices.  This  is  because  the  wake  behind  a  streamline 
body  is,  hy  definition,  thin,  and  because  significant  distortion  from  a  plane  sheet 
usually  occurs  too  far  downstream  of  the  trailing  edge  to  have  much  effect  on  the  near 
field  of  the  body. •  In  the  flows  considered  here  at  least  one  of  these  simplifying 
properties  is  dbsent.  In  consequence,  the  appropriate  mathematical  models  are  both 
more  difficult  to  justify  on  physical  grounds,  and  less  tractable  theoretically  than 
the  streamline  flow  model. 

\ 

The  flows  in  question  fall  into  two  distinct  groups,  the  first  of  which  is  typified 
by  the  flow  past  a  bluff  body.  The  wake  i&.this  case  is  far  froe  thin,  and  its 
interaction  with  the  near  field  of  the  body  is  not  well  understood.  However,  constraint 
corrections  in  closed  tunnels  have  been  derived'hy  Haskell  (Ref.  7.1;  1963)  by  a 
method  which  relies  heavily  on  limited  experimental  evidence.  An  interesting  conclusion 
from  this  work  is  that  distortion  of  the  wake  under  constraint  makes  a  significant 
contribution  to  the  large  blockage  correction  derived. 

The  second  group  of  problems  has  arisen  frca  increasing  practical  interest  in 
recent  years  in  V/STOL  aircraft.  The  flows  in  this  group  are  therefore  of  a  kind  in 
which  lift  is  obtained,  directly  or  indirectly,  hy  the  downward  deflection  of  jets 

*  The  slender  wing  is  an  important  exception,  in  which  the  wake  develops  initially  in  the  fora 
of  leading-edge  vortices,  often  from  the  apex  of  the  wing. 
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or  slipstreams.  Here  the  paths  of  jets  or  slipstreams  are  important  features  of  the 
flows,  which  might  be  greatly  affected  by  boundary  constraint.  Realistic  mathematical 
models  can  usually  be  constructed  if  the  effects  of  mixing  at  the  boundaries  of  the 
jets  or  slipstreams  are  ignored,  so  that,  in  principle,  the  appropriate  interactions 
can  be  taken  into  account.  In  practice,  however,  the  resulting  mathematical  models  are 
intractable.  Considerable  simplification  is  therefore  inevitable,  and  the  problem 
is  to  establish  what  kinds  of  simplification  are  justifiable. 

The  most  promising  approaches  to  problems  of  this  kind  have  been  concerned  with 
flows  that  can  be  regarded  as  essentially  single-wake  flows.  Two  examples  are  the 
flow  past  a  helicopter,  in  which  the  dominant  wake  is  evidently  the  slipstream  of  the 
rotor,  and  the  flow  past  a  jet-flap,  in  which  the  jet  sheet  simply  replaces  the  usual 
trailing-vortex  sheet.  Keyson  (Ref. 7. 2;  1960)  has  treated  the  helicopter  problem, 
using  a  simple  linear  approximation  to  the  jet  path.  The  method  is  physically 
convincing  at  the  limits  of  hovering  flight,  and  high  forward  speed.  But,  in  general, 
interaction  between  the  slipstream  and  the  external  flow  would  be  expected  to  lead  to 
a  curved  slipstream.  However,  until  the  effect  of  this  curvature  has  been  investigated 
for  the  helicopter  in  an  unlimited  stream,  its  neglect  in  the  constraint  problem  is 
plainly  inevitable.  The  flow  past  a  jet-flap  wing  is  more  closely  related  to 
streamline  flow,  and  has  been  treated  as  a  simple  extension  of  classical  aerofoil 
theory  by  MasRell  and  Spence  (Ref. 7. 3:  1S59).  The  further  extension  to  the  problem 
of  boundary  constraint  has  been  given  by  Haskell  (Ref. 7. 4;  1959),  who  points  out 
that  distortion  of  the  jet  path  by  the  constraint  results  in  an  effective  change  in 
the  jet  momentum  coefficient.  However,  here  again  the  approximation  to  the  jet  path 
employed  in  the  theory  is,  to  sane  extent,  open  to  question,  although  there  seems  little 
doubt  that  a  correction  of  the  order  of  magnitude  of  that  derived  by  Haskell  is 
necessary. 

More  general  V/STOL  configurations  employ  multiple  wakes,  in  that  they  usually 
consist  of  combinations  of  lifting  wings  with  the  deflected  slipstreams  of  fans  or 
jets  in  which  the  vortex  wakes  of  the  wings  would  be  expected  to  follow  markedly 
different  paths  from  the  slipstreams.  Tne  main  problem,  again,  is  to  decide  how 
necessary  it  is  for  these  paths  to  be  represented  correctly.  Heyson  (Ref.  7. 5;  1962) 
has  proposed  an  extension  of  his  lifting-rotor  theory  to  the  general  flow,  and  there 
is  evidence  that  the  method  has  given  plausible  corrections  in  certain  cases.  However, 
the  basic  model  is  less  convincing,  on  physical  grounds,  when  applied  to  multiple-wake 
problems,  which  therefore  seem  to  require  much  more  attention.  It  is  likely  that  the 
aerodynamics  of  such  flows  will  often  depend  crucially  on  the  mutual  interference 
between  the  different  wakes  and  slipstreams,  and  hence  that  it  may  be  vital  to  determine, 
and  interpret,  the  effect  of  boundary  constraint  on  this  interference.  For  purposes  of 
this  kind  a  more  realistic  mathematical  model  than  Heyson’ s  would  be  needed.  But 
little  further  progress  can  be  expected  until  the  basic  theory  of  such  flows  has 
advanced  a  great  deal. 


7.2  BLOCKAGE  EFFECTS  ON  BLUFF  BODIES 

Following  a  cooaent  by  Glaaert  on  the  nature  of  the  blockage  effect  associated  with 
a  thick  bluff-body  wake,  Fage  and  Johansen  (Refs.  7.6  and  7.7;  1927-28)  made  what 
appears  to  have  been  the  first  serious  attempt  to  establish  the  magnitude  of  the  effect 
experimentally,  for  the  particular  case  of  a  two-dimensional  flat  plate  normal  to  a 
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wind  stream.  They  tested  several  such  plates,  of  different  sizes,  and  so  determined 
the  drag  coefficient  corresponding  to  an  unlimited  stream  by  extrapolation  of  their 
measurements  to  zero  size. 

However,  the  attempt  of  Glanert  to  develop  a  correction  formula  in  Equation  (17.13) 
or  (18.5)  of  Reference  7.8  was  less  successful  -  partly,  perhaps,  because  he  sought 
to  make  it  too  comprehensive.  With  greater  understanding  of  the  differences  between 
the  properties  of  the  wakes  of  streamline  and  bluff  bodies,  it  now  seems  unrealistic 
to  suppose  that  the  wall  constraint  on  a  bluff-body  flow  can  be  broken  down  into 
separate  solid-blockage  and  wake-blockage  effects.  This  sub-division  is  a  physically 
realistic,  and  therefore  useful,  procedure  when  the  influence  of  the  wake  on  the  form 
of  the  pressure  field  over  the  body  can  be  regarded  as  a  second-order  effect,  as  it 
can  be,  for  the  most  part,  in  streamline  flow.  But  the  pressure  field  over  a  bluff 
body  depends  crucially  on  the  wake  structure,  and  generally  bears  little  relation  to 
the  inviscid,  attached- flow,  field  of  the  body,  from  which  the  conventional  solid- 
blockage  effect  derives. 

The  bluff-body  flow  evidently  needs  to  be  represented,  from  the  outset,  by  a 
mathematical  model  that  is  quite  different  from  that  appropriate  to  streamline  flow. 

But  since  very  little  is  known  about  the  internal  mechanics  of  a  bluff-body  wake,  there 
is  little  prospect  of  constructing  a  flow  model  that  bears  more  than  a  superficial 
resemblance  to  the  observed  flow.  The  best  that  can  be  done  at  the  present  time  is  to 
ensure  that  the  external  effects  of  the  wake  are  adequately  reproduced  in  the  model, 
and  to  take  such  account  as  is  necessary  of  the  internal  field  through  empirically 
determined  auxiliary  equations  designed  to  match  the  behaviour  of  the  model  under 
constraint  to  observation. 


Haskell  (Ref. 7.1;  1963).  has  pointed  out  that  the  observed  properties  of  the  forward 
part  of  a  bluff-body  wake  (i.e.  forward  of  any  substantial  pressure  recovery)  are  well 
represented  by  a  model  incorporating  a  stream  surface  extending  downstream  from  the 
edge  of  the  body;  the  static  pressure  on  the  stream  surface  is  supposed  constant,  and 
equal  to  the  base  pressure  pb  as  far  as  the  plane  2  in  Figure  7. 1,  where  the  cross- 
sectional  area  of  the  wake  is  a  maximum.  The  corresponding  constant  velocity  he  writes 
as  kO  .  Then,  if  wall  constraint  is  to  be  exactly  equivalent  to  a  simple  increase  in 
stream  velocity,  the  form  of  the  pressure  distribution  over  the  body  must  be  invariant 
under  constraint,  and  it  follows  that 


_D 

k2 


constant 


(7.1) 


independent  of  boundary  constraint,  where  Cpb  is  the  base-pressure  coefficient, 

C0  is  the  drag  coefficient  D/qS  ,  q  the  dynamic  pressure  of  the  undisturbed  stream, 
and  S  a  representative  area  of  the  body.  It  follows,  also,  that  the  velocity  U„ 
of  the  unlimited  stream  which  gives  rise  to  a  pressure  distribution  identical  to  that 
observed  is  such  that  kcUc  =  kO  ,  and  hence  that 

(7.2) 
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Tbe  relation  (7. 1)  has  been  shown  to  hold  experimentally  (Pig. 7. 2)  for  a  set  of 
geometrically  similar  sharp-edged  square  plates,  and  is  supposed  to  hold  generally 
for  incompressible  flow  in  closed  tunnels. 

A  further  relation  between  the  variables  defining  the  flor  model  can  de  derived  by 
considering  the  conservation  of  momentum  within  the  control  surface  bounded  by  the 
walls  of  the  wind  tunnel,  the  surface  of  the  body  and  the  constant-pressure  surface 
bounding  the  effective  wake,  and  two  planes  normal  to  the  undisturbed  velocity  vector  - 
plane  1  lying  upstream  of  the  body,  and  plane  2  located  where  the  cross-sectional 
dimensions  of  the  wake  are  greatest.  Neglecting  certain  supposedly  small  contributions, 
Haskell7*1  has  concluded  that  the  momentum  balance  reduces  approximately  to 

CD  =  m(k2  -  1  -  mS/C)  (7.3) 

where  m  =  B/S  ,  B  Is  the  cross-cectional  area  of  the  wake  at  the  plane  2,  and  where 
(kS/C)2  is  taken  to  be  negligibry  small. 

In  order  to  complete  the  set  of  equations  necessary  to  define  the  blockage  effect 
completely,  one  further  relation  is  required,  to  account  for  the  d'stoition  of  the 
wake  under  constraint.  The  auxiliary  relation  adopted  by  Haskell  can  be  put  in  the  fora 


e  S 

=  1  _  0  Pc  _ 

a„  ~  (k2  -  l)(kf  -I)C 


(7-4) 


if  terms  of  Of S/C) 2  are  ignored,  and  is  well  supported  by  limited  experimental  data 
obtained  with  a  series  of  square  flat  plates. 


Equations  (7.1)  to  (7.4)  yield  the  correction  formula 
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-  +  0(S/C) 
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which  may  be  written,  alternatively,  in  the  core  conventional  form 


(7. 5) 


Aq 

q 


(7.6) 


Here  Aq  =  oc  -  q  is  the  effective  increase  in  dynamic  pressure  of  the  undisturbed 
stream  due  to  coatraint,  C0S/C  is  the  usual  wake-blockage  parameter,  and 


e  = 


(7.7) 


is  the  so-called  blockage  factor  for  the  fclnif-body  flow. 

If  both  the  drag  and  the  average  base-pressure  coefficient  C  jj  =  1  -  k2  are 
measured,  k2  ,  and  hence  6  ,  can  be  determined  from  Equation  (7. 5)  -  most  conveniently, 
perhaps,  by  means  of  the  iteration  formula 
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where  (k*)n  is  the  nth  approximation  to  k|  ,  and  toe  initial  value  (fc|)0  =  kJ  . 

In  this  way  Fail.  Lawford  and  Eyre  (Ref.  7.9;  1957)  have  concluded  that  the  blockage 
factor  for  rectangular  flat  pistes  varies  with  aspect  ratio  A  in  the  following  manner: 


It  turns  out  that  the  blockage  factor  varies  very  little  in  the  interval  1  <  A  <  10  . 
where  it  lies  roughly  in  the  range  8  =  (5/2)  ±(1/4)  .  In  this  range,  therefore,  the 
constant  value  6  -  5/2  is  unlikely  to  lead  to  appreciable  error  in  practice. 

The  correction  formulae  from  Equation  (7.5)  appropriate  to  drag  and  base  pressure 
are  given  in  both  Figures  7.3  and  7.4.  For  square  and  two-dinensional  flat  plates 
respectively  the  theoretical  straight  lines  against  CDS/C  are  shown  compared  with 
experimental  results.  Bie  blockage  factor  6  varies  from  about  five  times  to  twice 
the  corresponding  quantity  for  the  wake  blockage  of  streamline  bodies  (Chapter  V). 

tore  recent  studies  of  blockage  effects  on  bluff  bodies  are  described  in  References 
7.10  and  7.11.  Lefebvre7, 10  gives  results  rather  similar  to  those  cf  Reference  7.1. 
and  relates  the  geoaetric  and  aerodynamic  blockage  with  particular  reference  to 
circular  cones.  Calvert7, 11  compares  experiments  on  blunt -based  bodies  of  revolution 
with  the  predictions  of  Reference  7.1  and  concludes  that  the  theory  gives  a  good 
estimation  of  the  blockage  correction  for  fineness  ratios  l/t  <  3  ,  as  shown  in 
Figure  7.5.  In  the  range  3  <  l/t  <  5. 5  Haskell’s  theory  still  leads  to  reasonable 
results,  but  the  methods  of  Chapter  V  arc  more  appropriate  to  the  more  slender 
aon-lifting  bodies. 


7.3  LIFTING  WINGS  WITH  SEPARATED  FLOW 
7.3.1  Stalled  Wings 


The  breakdown  of  streamline  flow  past  a  wing  of  finite  spas  gives  rise  to  regions 
of  separated  flow  that  bear  scse  resfsbiacce  to  blsff-body  wukes,  and  would  therefore’ 
be  expected  to  lead  to  blockage  effects  siailar  is  kind  to  those  treated  in  Sectica  7,2. 
In  fact,  experimental  measurements  by  Kirby  and  Spence  (Ref.  7, 12;  1955)  in  the  ses~a 
of  models  of  particular  delta-wing  and  swept-wing  aircraft  suggest  that,  fc-r  wlnjs 
of  moderate  to  smell  aspect  ratio,  the  localised  regions  of  separated  flow  that  derelop 
as  such  wings  begin  to  stall  resemble  axisyssetric  bluff-body  wakes  surprisingly 
closely.  Furthermore,  Fail  et  si. 7-  9  have  observed  a  strong  tendency  to  axial  symmetry 
in  the  »nkes  of  non-ax jsyasstric  bluff  bodies.  And  Haskell  has  been  led  to  suppose 
the  tendency  to  axial  syraetry  in  the  separated  flow  legion  to  fee  universal,  within 
the  practical  ra&se  of  wing  shapes,  and  to  give  rise  to  the  blockage  factor  &  -  5/2 
appropriate  to  oust  bluff-body  flows. 

However,  toe  formula*  derived  in  Section  7.2  cannot  be  applied  directly  to  the 
partially  stalled  lifting  wljig,  because  its  total  drag  is  only  partially  related  to  . 


442 


the  separated-flow  regions.  Hiere  are  two  other  contributions  to  the  total  drag; 
the  vortex-induced  drag  Dy  ,  and  the  eooentua  defect  associated  with  the  wake  within 
the  streaaline  regions  of  the  flow  and  corresponding  to  the  conventional  profile  drag 
D0  .  Hence,  the  drag  coefficient  that  occurs  in  the  blockage  parameter  is  not  the 
total  drag  coefficient  Cfi  ,  but  its  separated-flow  cogponent 


'Us 


~  CD  “  CDv  “  CD0 


(7-9) 


There  resains  the  problem  of  determining  the  drag  coefficient  CDs  frcta  normal 
experimental  observations  of  lift  and  drag.  Since  great  accuracy  is  not  usually 
necessary,  Maskeil  suggests  that  the  most  logical  procedure  is  to  define  CDs  by 
extrapolation  from  the  measured  properties  of  the  unstalled  wing.  Linear  extrapolation 
of  the  appropriate  part  of  the  seasured  CQ  ~  relation,  sketched  in  Figure  7.6,  is 
usually  sufficient.  But  visual  observation  of  the  flow  developaent,  allowing  the  onset 
of  flow  separation  to  be  located,  obviously  helps  to  identify  the  point  at  which  the 
bluff-body  type  of  blockage  effect  begins  to  sake  its  appearance.  It  will  be  noticed 
that  the  procedure  ensures  that  the  derived  CDg  is  zero  for  the  unstalled  wing,  as 
it  should  be. 


It  is  convenient,  in  practice,  to  coabine  the  blockage  correction  corresponding  to 
separated  flow  with  that  appropriate  to  streaaline  flow  in  the  following  Banner, 

|  =  1  +  H  +  CD0)  ♦  |  5  <CB  -  CDV  -  CD0>  .  (7.10) 

where,  for  the  sake  of  completeness,  a  drag  coefficient  CDR  associated  with  the 
support  rig  -  and  assused  here  to  correspond  to  streaaline  flow  -  has  been  included. 
The  coaposite  formula  reduces  antoestioatly  to  the  correct  formula  for  streaaline  flow 
at  incidences  below  that  at  which  flow  separation  fi.-st  occurs. 

Hie  effectiveness  of  the  correction  formula  is  indicated  in  Figure  7.7,  which  shows 
the  results  of  applying  it  to  data  obtained  with  two  aodels  of  an  aircraft  having  a 
delta  wing  of  aspect  ratio  3. 

Fcr  a  stalled  wing  of  infinite  span  there  is  no  vortex- induced  drag,  and  the  drag 
coefficient  appropriate  to  the  blockage  paraaeter  is  the  total  CD  if.  as  is  usual, 
the  total  drag  is  predominantly  due  to  the  separated  flow.  The  problew  in  this  case 
is  ic  cssiau  a  value  to  the  blockage  factor  6  ,  and  no  doubt  the  best  procedure  is  to 
aoassra  ±ae  pressure  distribution  over  the  upper  surface  of  the  aerofoil  and  to  derive 
the  appropriate  factor  frea  Equation  (7.5).  ’  However,  froa  the  limited  experimental 
evidence  available,  8  seess  unlikely  to  differ  greatly  from  unity  once  the  stall  is 
fully  developed. 


7.3.2  liags  with  Hinged  or  Spilt  Flaps 

Hinged  or  split  flaps  deflected  near  the  trailing,  edges  of  wings  also  give  rise  to 
regions  of  separated  flow  similar  to  bluff-body  wakes.  It  is  reasonable  to  suppose, 
therefore,  that  the  theory  of  Section  7.2  can  again  be  used  to  calcclate  the  blockage 
effect. 
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In  this  case  the  situation  is  much  the  same  as  that  treated  in  Section  7.3.1,  but 
with  the  important  difference  that  some  separated  flow  is  present  at  all  angles  of 
incidence  when  the  flaps  are  deflected.  However,  there  is  still  a  range  of  incidence 
over  which  the  separated  flow  is  restricted  to  the  wakes  of  the  flaps  themselves,  and 
in  which  the  appropriate  CDT  can  probably  be  defined  with  sufficient  accuracy.  Then, 
if  CD0  is  determined  from  the  clean  wing  {i.a.  with  flaps  undetected).  Equation- {7. 1C) 
can  be  used  as  before,  with  CDs  (=  CD  -  CDy  -  CD0)  non-zero  at  all  angles  of  incidence. 

The  above  procedure,  though  plausible,  must  be  regarded  as  less  well  established  than 
the  application  to  stalled  wings  considered  in  Section  7.3.1,  because  it  has  been  such 
less  severely  tested.  In  any  event,  for  flap  aspect  ratios  that  are  greater  than  10, 
say,  a  blockage  factor  of  5/2  is  most  likely  inappropriate,  it  would  be  reasonable  to 
expect  6  to  fall  as  flap  aspect  ratio  increases,  roughly  according  to  the  table  in 
Section  7.2. 


7.3.3  Slender  Wings  with  Leading-Edge  Vortices 

At  angles  of  incidence  less  than  some  critical  value,  flow  separation  from  the 
leading  edges  of  slender  wings  gives  rise  to  a  characteristic-  vortex  flow  that  bears 
no  resemblance  whatever  to  the  bluff-body  wake.  In  fact  this  kind  of  '^separated  flow” 
is  much  better  regarded  as  a  generalized  fora  of  the  classical  streamline  flow.  It  is 
essentially  steady,  with  a  thin  wake,  but  one  that  originates  from  all  the  edges  of 
the  wing,  and  not  only  from  the  trailing  edge.  The  rolling-up  of  the  wake,  which  is 
taken  to  occur  predominantly  downstream  of  the  trailing  edge  in  the  classical  flow  model 
to  fora  the  so-called  tip  vortices,  therefore  begins  at  the  apex  of  a  slender  wing 
and  forms  leading-edge  vortices.  In  consequence,  the  appropriate  blockage  correction 
is  of  the  streamline- flow  kind.  viz. , 


where  CDQ  is  the  profile-drag  coefficient. 

However,  at  the  critical  angle  of  incidence,  the  leading-edge  vortices  are  said  to 
break  down.  Their  structure  changes  from  the  orderly  streamline  fora  to  something 
much  sore  unsteady,  and  generally  enclosing  substantial  regions  of  reversed  flow  which, 
once  again,  bear  some  resemblance  to  axisyvKtric  bluff -body  wakes.  At  the  critical 
incidence,  the  vortex  breakdown  occurs  in  the  neighbourhood  of  the  trailing  edge  of 
the  wing  and,  as  incidence  is  increased,  the  point  of  breakdown  coves  forward  towards 
the  apex.  At  angles  of  incidence  below  the  critical,  vortex  breakdown  nay  still  occur, 
bat  not  sufficiently  close  to  the  wir.g  to  affect  its  near  field  materially. 

It  seems  reasonable  to  suppose  that  a  blockage  effect  similar  to  that  experienced 
by  a  bluff  body  will  be  felt  by  the  slender  wing  at  angles  of  incidence  higher  than 
the  critical.  Moreover,  since  the  regions  of  separated  flow  in  the  rake  of  a 
partially  stalled  wing  of  moderate  sweep  back  have  a  similar  vortex  structure  to  that 
which  follows  vortex  breakdown  on  more  slender  wings,  it  also  see  is  reasonable  to 
suppose  that  the  suae  blockage  factor  6  -  5/2  will  be  appropriate  in  both  cases. 

The  point  at  which  the  higher  blockage  factor  beccaees  applicable  is  perhaps  best 
identified  from  visual  observations  of  the  vortex  flov.  However,  there  is  some 


evidence  to  suggest  that  the  procedure  outlined  in  Section  7. 3. 1  Bay  be  satisfactory 
as  *ost  empirical  C0  ~  curves  for  slender  wings  appear  to  exhibit  a  linear  region 
for  a  substantial  range  of  incidence  below  the  critical. 


7.4  V/STOL  CONFIGURATIONS 
7.4.1  Lifting  So  tors 

A  wholly  self-ccnsistent  mathematical  aodel  of  a  lifting  rotor  seems  to  follow 
from  the  apparently  sinple  assumptions  that  the  rotor  itself  can  be  represented  as  a 
uniformly  loaded  actuator  disc,  and  that  the  effects  of  mixing  between  the  slipstream 
and  the  external  flow  can  be  ignored.  Thus  a  uniform  rise  in  total  head  would  be 
supposed  to  occur  across  both  the  rotor  disc  and  the  interface  between  the  slipstream 
and  the  external  flow.  And  the  precise  shape  of  this  interface  would  be  such  as  to 
make  it  a  stream  surface  across  which  the  static  pressure  varies  continuously.  However, 
such  a  model  is  not  yet  amenable  to  theoretical  treatment,  even  for  an  unlimited 
mainstream,  and  further  simplifying  assumptions  must  be  introduced. 

In  general,  the  interaction  between  slipstream  and  mainstream,  implied  in  the 
boundary  conditions  at  the  interface,  would  be  expected  to  result  in  a  slipstream 
following  a  curved  path  and  having  cross-sections  that  become  increasingly  distorted 
downstream  of  the  rotor  disc.  Of  these  two  effects  on  the  geometry  of  the  slipstream, 
the  foraer  seems  much  the  more  important,  since  it  implies  a  continuous  transfer  of 
downward  momentum  from  the  slipstream  to  the  external  flow  downstream  of  the  rotor. 

But  theory  has  not  yet  advanced  far  enough  to  allow  even  this  effect  to  be  accounted 
for  adequately,  and  the  best  that  can  be  done  at  present  is,  following  Heyscn 
(Ref. 7. 2;  I960),  to  replace  the  true  path  of  the  slipstream  by  an  appropriate  linear 
approximation. 


Heyaon  represents  the  rotor  slipstream  by  a  skewed  elliptic  vortex  cylinder  of 
uniform  strength  dT/d l  .  where  F  is  the  circulation  associated  with  a  length  l 
along  the  skewed  slipstream.  The  velocity  field  of  the  rotor  in  free  air  can  then 
be  calculated  by  integrating  the  Biot-Savart  expression  for  the  velocity  field  of  a 
vortex  element  over  the  surface  of  the  vortex  cylinder.  In  particular,  the  upward 
induced  velocity  w0  at  the  centre  of  the  rotor,  and  normal  to  its  tip-path  plane, 
is  given  by 


1  £ 

2  dl  * 


(7.12) 


In  general,  the  upwasb  w  associated  with  the  semi  -inf  inite  vortex  cylinder  can  be 
written  in  the  form 


w 


(7. 13) 


^iere  b  and  h  are  respectively  the  breadth  and  height  of  the  wind-tunnel  test 
section,  C  is  its  cross-sectional  area,  and  S  is  the  area  of  the  rotor  disc. 


An  alternative  expression  for  the  singularities  representing  the  slipstream  follows 
fro*  the  fact  that  each  elementary  vortex  ring  is  exactly  equivalent  to  a  uniform 
doublet  sheet,  circumscribed  by  the  ring,  of  total  strength  qTk2  ,  where  R  is  the 
radius  of  the  circular  eleaent.  In  consequence,  the  far  field  of  the  rotor  reduces  to 
the  field  of  a  semi-infinite  line  of  point  doublets,  directed  vertically  downwards  if 
the  rotor  disc  is  in  a  horizontal  plane.  Equation  (7.12)  relates  the  strength  of  the 
line  of  doublets  to  the  upwash  at  the  centre  of  the  rotor,  and  the  function  W  in  the 
expression  (7.13)  reduces,  in  the  far  field*,  to 


w.  _ €2  +  V2 _  f _ C  +  p  cos  X  I2 

1  p3(p  +  £  cos  X  -  i  sin  X)  jp(p  +  4  cos  X  -  £  sin  X)  J  '  '  *** 

where  p2  =  £2  +  rf  +  £2  and  X  is  the  skew  angle  of  the  wake  defined  in  Figure  7.8. 


The  upwash  field  thus  derived  is  related  strictly  to  Cartesian  axes  fixed  in  the 
rotor,  such  that  the  axis  Oz  is  normal  to  the  rotor  disc  with  z  aeasured  positive 
along  the  thrust  line.  It  gives  the  true  upwash  relative  to  wind  axes  only  if  the 
rotor  disc  is  at  zero  incidence.  However,  if  the  eleaentary  doublets  representing  the 
slipstream  are  supposed  always  to  be  directed  normal  to  the  rotor  disc,  they  are 
readily  resolved  into  components  directed  horizontally  forwards  and  vertically  downwards, 
in  wind  axes,  and  the  associated  component  fields  can  be  superposed  to  yield  the 
complete  upwash  field  of  the  rotor  at  incidence  (Fig. 7. 9). 


Beyson  expresses  the  upwash  field  due  to  a  line  of  horizontally-directed  doublets 
of  strength  £Tr2  in  the  form  of  Equation  (7.13),  as  before,  and  the  corresponding 
upwash  function  is 
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(£  -  p  sin  X)  (£  +  p  cos  X) 
p2(p  +  £  cos  X  -  (f  sin  X)2 


The  derivation  of  tunnel -wall  corrections  is  now  fairly  straightforward,  once  the 
slipstream  skew  angle  X  is  known.  Following  usual  practice  in  helicopter  theory. 

Hey son  takes 

.  D  cos  a 

tan  X  = - .  (7.16) 

D  sin  a  +  *e 

an  expression  tor  which  there  is  some  experimental  support,'  and  ignores  any  possible 
effect  of  constraint  on  X  in  the  i Mediate  vicinity  of  the  rotor.  However,  it  is 
evident  that,  as  the  true  slipstreaa  approaches  the  floor  of  the  wind  tunnel  its 
curvature  increases  rapidly.  This  effect  is  represented  id  Heyson’s  model  by  supposing 
that  the  slipstream  follows  its  initial  path  until 'it  strikes  the  tunnel  floor,  and 
then  continues  downstream  coincident  with  the  tunnel  floor,  as  shown  in  Figure  7.9. 

i 

In  consequence,  there  are  two  basic  elements  in  the  derivation  of  corrections.  These 
are  obtained  by  considering  slipstreams  cowgwsed  of  vertical  and  horizontal  doublets, 
together  with  their  first  reflections  in  the  tunnel  floor,  as  illustrated  in  Figure  7.9. 
It  will  be  noticed  that  the  parts  of  the  slipstreams  coincident  with  the  floor  cancel 


Beysoa  * 2  gives  also  the  general  expression  f(f,T?,  £)  '  for  a  tkewed  cylinder  of  radius 
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each  other  when  the  doublets  are  vertically  directed,  but  reinforce  each  other  in  the 
second  case.  Their  upwash  fields  are  readily  obtained  by  superposition  of  fields  from 
Equations  (7. 14)  and  (7.  IS)  respectively. 

Heyson  considers  two  wind-tunnel  configurations,  both  having  solid  lower  boundaries. 
He  then  takes  the  reaaining  boundaries  to  be  either  wholly  solid  or  wholly  free,  and 
expresses  the  interference  velocity  at  the  centre  of  the  test  section  in  the  fora 


Soae  indication  of  its  dependence  on  X  ,  a  and  b/h  ,  for  the  two  types  of  tunnel, 
is  provided  in  Figures  7. 10  to  7. 13,  where  for  consistency  with  the  foregoing  chapters 

S0  =  -iS,  ,  (7.18) 

is  plotted.  In  particular,  it  should  be  noted  that  at  high  forward  speeds,  when 
slip8tre*a  skew  angles  are  close  to  90°,  the  corrections  are  the  saae  as  those  for  a 
wing,  as  they  evidently  should  be;  at  very  low  speeds,  i.e. ,  saall  skew  angles,  they 
are  largely  determined  by  the  floor  of  the  wind  tunnel,  and  the  interference  npwash  at 
the  rctor  is  large. 

Heyson  points  oat  that  care  is  needed  in  the  interpretation  of  the  interference  field. 
In  hover,  and  at  low  forward  speeds,  the  rotor  performance  is  governed  priaarily  hy 
the  change  in  Inflow  rather  than  by  the  change  in  effective  incidence.  He  suggests, 
therefore,  that  a  possible  interpretation  of  the  results  is  that  the  interference 
velocity  corresponds  to  a  change  in  rate  of  cliab  (or  sink)  between  corresponding 
wind-tunnel  and  free-air  conditions. 

7.4.2  Jet-flaps  in  Closed  Tonne  Is 

The  main  differences  between  a  jet-flap  and  a  conventional  trailing- vortex  wake 
are  that  the  vortex  representation  of  the  jet  sheet  includes  bound-vortex  elenents 
of  strength  proportional  to  the  jet-aoaentua  coefficient  Cj  and  that  there  is  local 
curvature  of  the  sheet.  The  presence  of  these  bound-vortex  elements  gives  rise  to  a 
substantially  larger  circulation  about  the  wing  than  would  otherwise  occur;  in 
consequence,  the  effect  of  wind-tunnel  constraint  on  their  strength  oust  be  considered 
carefully.  There  will  be  additional  curvature  of  the  jet  sheet  due  to  constraint, 
leading  to  stronger  bound  vortices  in  the  jet  than  would  occur  in  an  unlimited  strew 
with  the  saae  jet-momentum  coefficient  C,  and  jet-deflection  angle  r  .  It  is 

essential,  therefore,  that  this  wall-induced  curvature  be  taken  into  account. 

0 

Haskell  (Ref.7.4;  1959)  has  considered  the  constraint  problem  for  the  jet-flap  in 
a  closed  wind-tunnel,  as  an  extension  of  the  unliaited-streac  theory  given  hy 
Haskell  and  Spence7*3.  The  aain  problea  is  one  of  interpretation.  The  interference 
velocity  field  can  be  largely  determined  as  for  a  three-dimensional  wing,  so  that  the 
interference  upwash  at  the  wing  and  at  infinity  down sti  earn  are  known.  However ,  it  is 
the  variation  of  upwash  between  these  limits  that  determines  the  curvature  of  the  jet 
path,  and  hence  the  bound-vortex  strength,  and  Haskell  chooses  to  represent  this 
variation  hy  ac  interpolation  that  lerds  to  a  si^>ie  interpretation  of  the  effect  of 
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the  induced  curvature.  He  points  out  that,  if  the  interference  upwash  «1  is  related 
linearly  to  the  total  downwash  -w  in  the  Banner  shown  in  Figure  7.14,  the  induced 
curvature  is  equivalent  to  an  increaent  ACj  in  jet-momentum  coefficient.  The  particular 
choice  of  interpolation  in  Wj  is,  of  course,  open  to  question.  But  the  conclusion 


that  the  effect  can  be  interpreted  as  a  correction  to 
of  Magnitude  derived  by  Haskell  is  probably  correct. 


C.  seeas  s<.’»nd,  and  the  order 


The  first-order  effects  of  constraint  are  obtained  as  a  correction  to  incidence 

1-1 


Aa  =  5, 


5j,+5i 

C  77A  . 


(7-19) 


where  S  taken  the  classical  value  froa  chapter  III,  and  a  correction  to  jet-moaestua 


coefficient 


AC,  _ 


Aa 


r  +  a  +  (w/U). 


(7.20) 


where 


(t)  = 

\U JL  vK  * 


(7.21) 


The  application  of  the  corrections  requires  some  care,  since  the  lift  and  thrust  forces 
measured  in  the  wind  tunnel  are  of  the  saae  order  of  Magnitude.  In  consequence,  when 
these  forces  ere  resolved  normal  and  parallel  to  the  effective  stream  direction, 
increments  to  lift  and  thrust  coefficients  result,  of  magnitude 


AC, 


=  CrAa  +  ACj  sin  (r  +  «)  "j 

+  a)J 


(7.22) 


Act  =  -  CjAa  +  ACj  cos  (r 


where  Aa  and  ACj  are  given  in  Equations  (7. 19)  and  (7.20).  If  a  drag  coefficient 
is  defined  according  to 


CD  -  CJ  ”  CT 


(7.23) 


then 


AC0  =  ACj  -AC. 

and  Equations  (7. 22)  can  be  expressed  in  the  alternative  fora 


^  -  Cn  + 


Aa 


f  sin  (r  +  d)  \ 
+  r  +  a  +  (w/O  )J 


AC, 


D  _ 


Aa 


=  Cl  +  cj 


rl  -  cos  (r  +  a) 
V' T  +  a  +  (W/0), 


(7.24) 


The  corrections  from  Equations  (7.19)  to  (7.22)  for  a  typical  wind-tunnel  experiment7* 13 
are  plotted  in  Figure  7. 15.  For  comparison,  the  effect  of  ignoring  the  correction  to 
ACj  .  as  in  Glauert' s7*  *  classical  theory,  is  also  shown.  However,  there  is,  as  yet, 
no  experimental  confirmation  that  the  magnitudes  of  the  corrections  are  adequate 
in  practice. 
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Reference  should  be  made  to  Haskell’ s7' 11  original  paper  for  a  discussion  of  the 
effect  of  boundary  constraint  on  the  performance  of  the  tailplane  of  a  jet- flap  aircraft. 

7.4.3  Core  General  Configurations 

More  general  V/STOL  configurations  sust  be  expected  to  require  representation  by 
mathematical  bo dels  incorporating  sore  than  one  wake  or  slipstream.  If  the  overall 
performance  of  a  configuration  of  this  kind  depends  crucially  on  the  mutual  interference 
between  the  different  lifting  elements  and  their  wakes  or  slipstreams,  there  seems 
little  prospect  of  deriving  adequate  wind-tunnel  corrections  until  the  nature  of  the 
interference  is  better  understood  than  it  is  at  present,  Such  depends  on  the 
Importance  of  bound  vorticity  of  the  kind  included  in  a  jet  sheet  and  related  to  its 
curvature.  But  this  problem  has  not  yet  been  considered  generally. 

It  may  be  that  the  jet-flap  effect  can  be  largely  ignored  in  relation  to  jets  and 
slipstreams  of  initially  circular  cross-section.  Nevertheless,  fair  approximations 
to  the  true  paths  of  the  elements  of  the  multiple  wakes,  and  to  their  relative  vortex 
or  doublet  strengths,  would  no  doubt  prove  essential.  Provided  that  Heyson’s  lifting- 
rotor  model  is  adequate  for  the  single-rotor  case,  it  can  be  extended,  plausibly,  to 
twin  rotors  with  separate  wakes.  But  the  combination  of,  say,  a  fan  with  a  conventional 
lifting  wing  appears  to  be  too  complex  to  handle  in  this  manner. 

Heyson  (Ref. 7. 5;  1962)  has  suggested  that  such  general  problems  might  be  treated  by 
a  simple  extension  to  his  lifting-rotor  theory,  in  which  the  multiple  wakes  are 
approximated  by  a  single  mean  rotor  wake,  the  parameters  of  which  are  determined  by 
the  measured  lift  and  drag.  He  has  given  an  extremely  comprehensive  theory  based  on 
this  simple  concept  and  tables  of  interference  factors  in  z  series  of  reports7*5’7*  1*~7* 17 
to  which  reference  should  be  aade  for  the  detailed  corrections.  But  the  theory  would 
seem  to  be  most  plausible  when  a  single  wake  or  slipstream  predominates. 

Several  experimental  studies  have  been  mads  of  wind-tunnel  interference  on  V/STOL 
configurations,  notably  by  Grunwald7* 7*  and  by  Davenport  and  Kuhn7*20.  The 
broad  conclusion  from  these  particular  investigations  seems  to  be  that  Heyson’s  general 
theory  accounts  for  most  of  the  interference  effects  on  lix't  and  drag,  but  may  fail  to 
correct  pitching  moments  adequately.  Further  work  is  needed  before  these  conclusions 
can  be  generalized  to  other  configurations.  Similar  caution  is  advocated  in  an  inde¬ 
pendent  review  by  Templin7*21,  who  discusses  the  magnitude  of  wall  interference  by 
Heyson*  s  theory  in  relation  to  acceptable  sizes  of  model  and  wind  tunnel. 
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Based  on  Fig.  2  of  Ref.  7.11 
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Pi*.  7.5  Variation  of  blockage  factor  with  fineness  ratio 
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Pig.  7. 10  Interference  paraseter  against  wake  skew-angle  for 
saall  lifting  rotors  in  closed  rectangular  tunnels 
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Based  on  Fig.  14 (a) of  Ref.  7.2 


Fig.  7. 12  Upwash  interference  against  skew  angle  for  a  wake  of 
horizontal  doublets  in  closed  rectangular  tunnels 


Pig.  7.  IS  Effect  of  angle  of  attack  on  the  interference  paraaeter  for 
aall  lifting  rotors  in  a  closed  square  tunnel 


_  0.  »  TCi*'  *  ^  f..^ 


0>S  cT+ACTi.o 


